THIS WEE 


PIGS Antibiotic use now 
less rotten in the state 
of Denmark p.440 


EDITORIALS 


WORLD VIEW Open data is RING CYCLE Mexican plants 
the future for you and open second front on 
me p.441 evolution p.442 


Openness costs 


Two reports highlight key aspects of the global trend towards open access to research results: 
who will pay, and how much, to supply what to whom? 


recently over access to the research literature. And within the past 

week, two reports have appeared that will be relevant to research- 
ers everywhere. The Royal Society published an analysis of openness in 
scientific data (see go.nature.com/of89t1 and page 441). Anda committee 
set up by the UK government reported on how access could be enhanced, 
and how policy-makers could promote a gradual shift towards publishing 
research papers in journals that allow or require authors to pay article 
publishing charges (APCs) up front. The published paper would then be 
freely available to all from the moment of publication. Thatis a shift that 
Nature in principle supports (see Nature 481, 409; 2012). 

The UK government's report, widely referred to as the Finch report 
after Janet Finch, who chaired the committee that delivered it, exam- 
ines in depth the issues facing the United Kingdom (see go.nature. 
com/solui2). The country’s funding structure in principle enables it 
more readily than many to shift some of the funds currently spent on 
university library subscriptions to a stream for APCs partly funded 
by research funding councils. 

The report is also timely in an international context, because 
funders elsewhere are thinking about this transition. All are aware 
of the complexities that Finch highlights, and in practice it may take 
several years for progress to be made towards mandated open access. 
But the mood to make the shift is strong. 

A key issue is the cost of publishing, and here the parallels between 
the Finch report and the Royal Society report (whose authors include 
Nature’s editor-in-chief) are striking. Both make the point that 
scientific output, whether research papers or research data, needs to 
be rendered usable, and that the costs of curation, hosting, editing 
and enrichment with metadata, and the continual renewal of such 
activities, must all be met. 

In its advocacy of open data, the Royal Society report does not 
estimate potential costs but provides examples of their likely scale. 
The preprint server arXiv, which does little more than host papers 
sent to it in raw form, requires six full-time staff. The Worldwide 
Protein Databank and the UK Data Archive each require a multi- 
million-dollar budget and around 65 full-time staff. (By acute 
contrast, a survey of UK universities revealed that they deploy on average 
1.4 full-time staff to run their institutional repositories, and that only 
40% of such repositories receive research data.) 

The Finch report's attention to national financial models provides 
an important component for debate. The report models (albeit with 
highly uncertain assumptions) scenarios in a transition that includes 
both subscriptions and author-paid open access, also taking into 
account assumed international shifts in policy. UK researchers pub- 
lish well over 100,000 articles a year. In one example, assuming that 
50% of these are published fully open access at an average APC of 
£1,450 (US$2,260), the transition would be cost-neutral to the United 
Kingdom. Under more pessimistic assumptions about international 


B ritain has become involved in something of a national debate 


uptake, and if the average APC were £2,200, the additional cost to the 
UK higher-education sector is estimated at £70 million, in a current 
annual expenditure on journals of £175 million in a research budget 
of more than £5 billion. (Papers published in highly selective journals 
suchas Nature, whose costs would point towards much higher APCs, 

would represent a small proportion of the national output.) 
Publishers in such an environment will need all the more to demon- 
strate that they add value to the research process. This sits alongside their 
need to deliver a reasonable profit — whether 


“The mood to to fund learned-society activities or to reduce 
make the their publishing charges (the aim of the Pub- 
shift towards lic Library of Science) or, like many suppliers 
mandated of services and equipment to researchers, to 
open access deliver a return to their investors. The percep- 
is strong. se tion of publishers as profiteers is strong, and 


understanding of the value they add is weak. 
Not noted for their transparency, publishers will have to work hard to 
develop trust amid a fundamental shift in their customer base. 

The transition poses a particular challenge to universities. The Finch 
report rightly concludes that universities will need to set up dedicated 
funds for APCs. Issues of principle and practice in the deployment of 
such funds will take time to become established, especially in highly 
decentralized universities. As the number of papers published by their 
researchers has increased over the past few years, so the proportion 
of university funds devoted to libraries has declined. And yet, as the 
Royal Society report clearly demonstrates, the information obliga- 
tions of these institutions, both internal and external, can only grow. m= 


A first step 


Perhaps the Earth conference was not a wasted 
opportunity but the start of anew journey. 


ment after 2015, reached at last week’s Earth conference in Rio de 
Janeiro, has been roundly condemned as inadequate, or even an 
outright failure. The document is full of legalese and vague assertions, 
and it postpones the making of potentially significant decisions and 
assigning accountability to an uncertain future. When it comes to sus- 
tainable development, the agreement neither secures new resources nor 
defines the parameters for success. But did anybody, really, expect more? 
Rio was never intended as a venue for the signing of major new envi- 
ronmental treaties, so it should come as no surprise that governments 
did not do so. But the actual purpose of the conference was never made 
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clear. In the run-up to the meeting, Nature said that the event presented 
an opportunity to take stock, acknowledge past failures and identify 
opportunities to break political deadlock. It may have succeeded with 
the first two, but has certainly fallen flat with the all-important third. 

The world needs hope, a sustainable goal and a clear path to reach it. 
It needs a strong message to invigorate the global conversation and to 
motivate current and future generations of scientists, thinkers and lead- 
ers. Right now, politicians need to lay the groundwork and implement 
productive policies on the ground. They also need to find practical and 
politically viable ways to scale things up. With a clear aim in view and 
a workable means to achieve it, political leaders would find it much 
harder to turn their backs on the problems the world faces. 

Perhaps Rio really was a failure, but not for the reasons levelled at 
the conference over the past week. Put simply, the agreement failed 
to capture the imagination. The wording does not lay out a clear and 
compelling vision — a brave new message that will spark debate 
among friends, family and colleagues. Sadly, it does’t even capture 
the spirit and energy that enlivened the conference itself over the past 
two weeks. 

For the more than 45,000 people who attended the conference, the 
picture was very different. Countless individuals, businesses and non- 
profit organizations unveiled their latest ideas to eager audiences. Gov- 
ernments announced initiatives to reduce emissions, protect forests, 
expand access to energy and generally make the world a cleaner and 
greener place for all. Visitors from around the world were introduced 
to global problems — and, in the case of Rio’s favelas, smart solutions — 
clarifying the connection between poverty and the need for sustainable 
development. Millions of Brazilians, at least, were bombarded with news 
coverage detailing the full suite of issues under discussion. This is not 
enough, but it is not nothing either. By focusing too much on the final 


text and what it contains, critics are ignoring what was there. 
Although the agreement that came out of Rio last week did not define 
sustainable-development goals, it did create a process to do so. These 
goals will need to be informed by science if they are to be meaning- 
ful. And policy-makers will need to find a way to assess whether they 
are making progress on the social, economic and environmental issues 
they face. Governments must cope with a dizzying array of interrelated 
challenges, from freshwater shortages and carbon emissions to issues 
of food, poverty, biodiversity and demographics. They have limited 
resources with which to tackle a bewildering portfolio of complex prob- 
lems, and they need to understand where the environmental boundaries 
lie when they try to solve them. 


“The world At its heart, this is a scientific challenge, and 
needs hope,a one that scientists and funding agencies have 
sustainable already set out to tackle through the Future Earth 
goal, anda initiative, a framework of research into sustain- 
clear path to able development paid for by the National Sci- 


ence Foundation. It represents an opportunity 
to analyse and assess competing uses for various 
resources across the global landscape. To help translate this useful work 
into relevant information, scientists must find a way to integrate their 
knowledge of natural systems with economics and other social sciences, 
to better assess the solutions that people will be willing to accept and 
to encourage new technologies and ideas to ripple through society. 
Speaking in Rio, Hans Joachim Schellnhuber, a physicist by training 
and director of the Potsdam Institute for Climate Impact Research in 
Germany, said that the next decade could be “the decade of the social 
sciences”. He may well be right. Just as fear does not sell, it should also 
be clear by now that simply presenting the bare facts on their own, no 
matter how starkly, will not be enough. m 


reachit.” 


Pig out 


If farmers do not rein in the use of antibiotics 
for livestock, people will be severely affected. 


is fuelled by overuse of the drugs — and not just in people. 

Farmers around the world routinely feed antibiotics to their 
animals, not only to prevent and treat infections, but also to make 
their animals grow faster. This leads to drug-resistant bacteria in the 
animals, and this resistance can spread to the bacteria that infect us. 

The overuse of antibiotics in farm animals is a global issue. Human 
propensity for trade and travel ensures that resistant bacteria spread 
easily around the world, so as long as any one country pumps its pigs 
and poultry full of the drugs, everyone is at risk. 

In 1998, the Danish poultry industry took the unusual step of volun- 
teering to stop using antibiotics for the promotion of animal growth. 
Two years later, the country’s pork farmers did the same. Denmark 
might be a small country, but it is the world’s largest exporter of pork. 
And it didn’t stop there, writes Frank Aarestrup in a Comment piece on 
page 465, Denmark went on to reduce its overall use of antibiotics in 
livestock by 60%. It achieved this by creating a comprehensive surveil- 
lance system to monitor overuse, and limiting the amount of money that 
vets could make from selling the drugs to farmers. 

Many feared that the changes would cripple Denmark's pork produc- 
tion. Instead, production rose by 50%. “Any country trying to limit the 
use of antibiotics in livestock can learn from what my colleagues and 
I did in Denmark, adjusting what worked to local needs,’ Aarestrup 
writes. These are encouraging words, but it is unlikely to be that simple. 

The biggest obstacle is likely to be generating the political resolve 
and public support needed to crack down on the lucrative trade in 
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antibiotics. This was possible in Denmark because there, perhaps 
uniquely, warnings from the medical community were picked up 
by the media, creating widespread public awareness of the problems 
caused by the overuse of antibiotics. People in other countries may not 
be so engaged, particularly when faced with the inevitable lobbying of 
the agricultural and veterinary sectors, which make big profits from 
selling antibiotics. 

Also a problem is the fact that in many countries, farmers tend to 
work independently of each other. Almost all Danish farmers, by 
contrast, are members of the Danish Agriculture and Food Coun- 
cil, through which they frequently communicate and interact. This 
meant that they had a convenient forum in which to debate the issue 
and come to the decision to stop using antibiotics for growth. Den- 
mark also has a detailed system in place to keep track of the effects 
of antibiotic use by farmers, which helps to enforce the regulations. 
In the United States, drug companies provide the Food and Drug 
Administration with data on the quantity of antibiotics sold to farm- 
ers, although they do not routinely say what types of animal the drugs 
are given to, or what the drugs are used for. The nation therefore has 
the necessary infrastructure and reporting system to monitor and 
regulate the use of antibiotics for animal growth, should it wish to 
do so, as do other countries. And the European Union has already 
banned such drug use. 

The first step to building the case for tighter control is to obtain 
more specific data. Researchers should be able to survey ten farms in 
ten US states, for example, and extrapolate those data nationally to 
build up an accurate picture of antibiotic use. The drugs are almost 
certainly overused, and are almost certainly having a damaging impact 
on public health, so publishing the results would help in raising aware- 
ness of the problem and generating the neces- 
sary support. The people of Denmark deserve 
praise for their efforts, and other countries, and 
their people, should look more carefully at what 
their animals are being fed. = 
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papers, to enhance the efficacy and reach of scientific commu- 

nication. But important though this is, the open-access debate 
has drawn attention away from a deeper issue that is at the heart of 
the scientific process: that of ‘open data. In an attempt to focus much- 
needed attention on this subject, I chaired a group that produced 
Science as an Open Enterprise, a policy report from the Royal Society 
in London, published last week. 

Open enquiry has been at the heart of science since the first scientific 
journals were printed in the seventeenth century. Publication of sci- 
entific theories — and the supporting experimental and observational 
data — permits others to identify errors, to reject or refine theories and 
to reuse data. Science’s capacity for self-correction comes from this 
openness to scrutiny and challenge. 

Modern techniques to gather, store and manip- 
ulate data make this more difficult. In the 1980s, I 
published a paper that presented seven hard-won 
data points showing the relationship between 
stress and velocity beneath a glacier. Two years 
ago, I was involved in an analogous experiment 
on the Antarctic ice sheet that created more than 
a billion times more data points. No journal could 
publish these data, so for them to be accessible, 
the only option was to deposit the information in 
arecognized repository, complete with metadata 
(data about data), and to signpost it in published 
papers, preferably through live links in the papers’ 
electronic versions. 

In the Royal Society report, we argue that this 
procedure must become the norm, required by journals and accepted 
by the scientific community as mandatory. As scientists, we have some 
way to go to achieve this. A recent study of the 50 highest-impact 
journals in biomedicine showed that only 22 required specific raw 
data to be made available as a condition of publication. Only 40% of 
papers fully adhered to the policy and only 9% had deposited the full 
raw data online (A. A. Alsheikh-Ali et al. PLoS ONE 6, e24357; 2011). 

We also need to be open towards fellow citizens. The massive impact 
of science on our collective and individual lives has decreased the will- 
ingness of many to accept the pronouncements of scientists unless they 
can verify the strength of the underlying evidence for themselves. The 
furore surrounding ‘Climategate’ — rooted in the resistance of climate 
scientists to accede to requests from members of the public for data 
underlying some of the claims of climate science — was in part a moti- 
vation for the Royal Society’s current report. It is vital that science is 
not seen to hide behind closed laboratory doors, 


r “here is a compelling case for having open access to scientific 
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Open your minds and 
share your results 


An open approach is the best way to maximize the benefits of research 
for both scientists and the public, says Geoffrey Boulton. 


under which many politicians labour in their laudable but problematic 
calls for open data. True openness requires data to be not only acces- 
sible, but also intelligible, assessable (who produced the data, what are 
their qualifications, do they have conflicts of interest?) and reusable. 

Everyone will benefit from a more open approach. The digital and 
communications revolutions bring opportunities for research that 
demand openness and a willingness to share data. These include the 
assembly of massive data sets from diverse sources, and linking them 
to allow data integration, dynamic updating and the manipulation of 
data within electronic publications. Such data-led science offers ways 
to explore massive data sets for patterns and relationships. 

Yet this, too, presents a problem. Too often, we scientists seek 
patterns in data that reflect our preconceived ideas. And when we 
do publish the data, we too frequently publish 
only those that support these ideas. This cherry- 
picking is bad practice and should stop. 

For example, there is strong evidence that the 
partial reporting of the results of clinical trials, 
skewed towards those with positive outcomes, 
obscures relationships between cause and effect. 
We should publish all the data, and we should 
explore them not just for preconceived relation- 
ships, but also for unexpected ones. Without 
rigorous use and manipulation of data, science 
merely creates myths. At the same time, commu- 
nications technologies are displacing the printed 
page from its dominant role as the medium of sci- 
entific communication. This is already exploiting 
the collective intelligence of the scientific commu- 
nity and shifting the social dynamic of research towards collaboration. 

This shift has not been mandated by research councils, governments 
or national academies, but is the consequence of scientists finding more 
productive and creative ways to do science. Pathfinder disciplines include 
bioinformatics, astronomy, mathematics, nanotechnology and social 
and health statistics. Likewise, to extend the reach and depth of these 
approaches does not need top-down orchestration. It merely requires 
some constraints to be removed and some enabling changes to be made. 

What about costs? Data curation should be viewed as a necessary 
cost of research. Creative data generation should be a source of schol- 
arly esteem and a criterion for promotion. We need a revolution in the 
role of the science library, with data scientists supporting the manage- 
ment of data strategies for both institutions and researchers. We need 
strategic funding to develop software tools to automate and simplify the 
creation and exploitation of data sets. And above all, we need scientists 
to accept that publicly funded research is a public resource. m 


Geoffrey Boulton is regius professor of geology emeritus at the 
University of Edinburgh, UK. 
e-mail: g. boulton@ed.ac.uk 
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DEVELOPMENTAL BIOLOGY 


Blood vessel 
directs cells 


The first blood vessel formed 
in the embryo — the dorsal 
aorta — coordinates the 
formation of the sympathetic 
nervous system and the 
medulla of the adrenal gland, 
both of which marshal the 
body’s fight-or-flight response. 
The nervous system and the 
adrenal medulla are derived 
from progenitor neural-crest 
cells — some of which migrate 
towards the dorsal aorta during 
early development. Yoshiko 
Takahashi of Kyoto University 
in Japan and her colleagues 
studied developing chick and 
mouse embryos and found 
that the dorsal aorta secretes 
bone morphogenetic proteins. 
These stimulate the production 
of signalling molecules that, 
in turn, attract some of the 
neural-crest cells. Bone 
morphogenetic proteins are 
then involved in the formation 
of the separate lineages that 
give rise to the adrenal gland 
and the sympathetic nervous 
system. 
Science 336, 1578-1581 (2012) 


| ecoLocY 
One ring species 
to rule them all 


Researchers have found the 
first evidence in plants of a 
‘ring’ species — one that arises 
when a population expands 
its range along two fronts in a 
ring around unsuitable habitat. 
When organisms from the two 
groups meet, they behave as 
separate species. 

Ivalu Cacho and David 


IGHLIGHTS 


Selections from the 
scientific literature 


PALAEONTOLOGY 


Turtle sex recorded in rock 


A pit in Germany has yielded the first fossilized 

evidence of mating behaviour: copulating 

turtles preserved about 47 million years ago. 
Walter Joyce of the University of Tibingen 

in Germany and his colleagues analysed 

the remains of nine pairs of Allaeochelys 

crassesculpta turtles (pictured). On the basis 

of anatomical differences, the researchers 

discerned that each pair comprised one male 

and one female. In two of the pairs, the partners’ 


tails were aligned, consistent with turtle mating 
positions. 

The researchers propose that the couples 
began mating in the habitable surface waters of 
a volcanic lake and met their untimely end as 
they sank into deeper, toxic waters. 

Biol. Lett. http://dx.doi.org/10.1098/rsbl.2012.0361 
(2012) 

For a longer story on this research, see go.nature. 
com/Id1rbi 


Baum at the University 

of Wisconsin-Madison 
sequenced two genes from 

40 populations of Caribbean 
slipper spurge (Euphorbia 
tithymaloides). The sequences 
revealed that the plant spread 
from Mexico along two 
trajectories: one population 
(pictured right) headed 
through South America 

and then north to the Lesser 
Antilles, and the other (left) 
spread by hopping east across 
islands such as Jamaica and 
Puerto Rico. 

The two populations 
converged on the 
Virgin Islands, 
where they 
coexist as distinct 
subspecies on 


, 


the island of St Croix. Despite 
being in close proximity to one 
another, there has not been 
significant gene flow between 
the subspecies. 

Proc. R. Soc. B http://dx.doi. 
org/10.1098/rspb.2012.0498 
(2012) 


CELL BIOLOGY 


p53 triggers cell 
death in stroke 


The protein p53 is known 
to suppress tumour growth, 
which it does in part by 
initiating apoptosis, or 
programmed cell death. 
However, p53 also triggers 
another form of cell death 
— necrosis — that occurs in 
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conditions such as stroke. 

Ute Moll at Stony Brook 
University in New York and 
her team studied the effects 
of adding purified p53 to 
mitochondria — the cell’s 
power-generating organelles 
— isolated from mouse cells. 
The authors found that p53 
causes certain pores in the 
mitochondrial membrane to 
open up by interacting with 
a protein, cyclophilin D, that 
regulates the pore. Treating 
cells with an oxidizing chemical 
kicks off this process, which 
ultimately leads to necrosis. 

The researchers detected 
the two-protein complex in 
injured brain tissue from mice 
in which a cerebral artery had 
been temporarily blocked as 


SENCKENBERG NATURMUSEUM FRANKFURT 


a model of stroke. Preventing 
complex formation protected 
against stroke-induced injury. 
Cell 149, 1536-1548 (2012) 


Similar orbits but 
not densities 


Data from NASA’ Kepler 
spacecraft have revealed two 
extrasolar planets with similar 
orbits around the same star but 
radically different densities 

— challenging planetary 
formation theories. 

Joshua Carter at the 
Harvard-Smithsonian Center 
for Astrophysics in Cambridge, 
Massachusetts, Eric Agol at the 
University of Washington in 
Seattle and their team found 
the two planets, which have 
orbital periods of 14 and 16 
days. The inner planet has a 
density consistent with a rocky 
planet like Earth, whereas 
the outer one has the density 
of a gaseous planet, such as 
Neptune. This is puzzling to 
theorists who had expected 
gaseous planets to form much 
further out, as in the Solar 
System. When viewed from the 
Earth-like planet, the Neptune- 
like planet would be 2.5 times 
the size of the Moon. 

Science http://dx.doi.org/ 
10.1126/science.1223269 (2012) 


Data travel on 
spiralled light 


The amount of information 
that can be crammed into a 
beam of light can be increased 
by splitting the photon stream 
into different shaped spirals 
that act as independent 
channels. 

Jian Wang at the Wuhan 
National Laboratory for 
Optoelectronics in China, 
Alan Willner at the University 
of Southern California, Los 
Angeles, and their team used 
the technique to send terabits 
of information per second 
through free space. The 
technique could be combined 
with more conventional 
methods of high-density data 
transfer — such as splitting 


a beam into two different 
polarizations or multiple 
wavelengths — to achieve 
massive data-flow. 

The method could prove 
particularly well-suited to 
cable-free information transfer 
over short distances, or to 
communication in space. 
Nature Photon. http://dx.doi. 
org/10.1038/nphoton.2012.138 
(2012) 


Protein crawls on 
chromosome 


Proteins that control gene 
expression by attaching to 
specific DNA sequences amble 
along chromosomes until they 
hit their targets, according toa 
single-molecule imaging study. 
In the 1970s, researchers 
theorized that one such 
protein, or transcription 
factor, called the lac repressor 
(LacI) would act in this way. 
Johan Elf and his team at 
Uppsala University in Sweden 
provide the first evidence 
of this behaviour in vivo. 
In Escherichia coli cells, the 
team found that LacI took 
3-5 minutes to bind to the 
correct DNA site — the speed 
predicted by theoretical 
models of ‘chromosome 
crawling. When other proteins 
are bound to the chromosome, 
they act like roadblocks and 
slow the search. Moreover, the 
transcription factor typically 
slides over its target several 
times before binding to it. 
Science 336, 1595-1598 (2012) 
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Carbon dioxide 
snow on Mars 


Clouds of snow — frozen 
carbon dioxide crystals — at 
the Martian poles are made 
up of particles just 8-44 
micrometres in diameter. 
The Martian atmosphere 
consists mainly of carbon 
dioxide, which condenses at 
the poles during the winter. 
Renyu Hu and his colleagues 
at the Massachusetts Institute 
of Technology in Cambridge 
analysed temperature, pressure 
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The most viewed 
papers in science 
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Biodiverse and language-diverse 


€> HIGHLY READ An analysis ofa global data set tracking the 
on www.pnas.org geographical extent of some 6,900 languages 
in May has revealed that highly biodiverse areas 
accounting for 24% of Earth’s land surface 
contain about 70% of the world’s languages. 

Biologists and linguists have previously noted that areas with 
high species diversity also tend to show high language diversity. 
The data set, published in 2010, has enabled Larry Gorenflo 
at Pennsylvania State University in University Park and his 
colleagues to perform a more detailed analysis. Regions that are 
particularly rich linguistically include parts of west Africa and 
southeast Asia and some of the Indonesian islands, which have 
more than 250 native languages each. These languages are often 
unique to their regions and many are at risk of extinction. 

The authors suggest a range of possible reasons for this link. 
For one, the spread of a few dominant European languages 
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tended to occur in more temperate areas, and not in the 


biodiverse tropics. 


Proc. Natl Acad. Sci. USA 109, 8032-8037 (2012) 


and topography data gathered 
over more than 9 years by the 
Mars Global Surveyor and 
Mars Reconnaissance Orbiter. 
The researchers found that 
snow accumulation is greater at 
the south pole than at the north 
and that the clouds spread 
halfway towards the equator 
before retreating in the spring. 
J. Geophys. Res. http://dx.doi.org 
/10.1029/2012JE004087 (2012) 


Cyclones on 
the move 


Tropical cyclones in the North 
Indian Ocean will tend to 
occur later in the year, during 
the peak monsoon season, as 
the climate warms. 

Hiroyuki Murakami, now 
at the University of Hawaii 
at Manoa in Honolulu, and 
his colleagues used several 
versions of an atmospheric 
circulation model to project 
changes in cyclone activity 
in the North Indian Ocean 
in 2075-99 relative to 1979- 
2003. The researchers found 
that, in a simulated warmer 
future, fewer cyclones formed 
in the pre-monsoon season 


in spring, whereas a greater 
number of storms occurred 
in the peak-monsoon season 
in summer. Overall cyclone 
frequency in the region did 
not change significantly, 
however. 

Increased sea surface 
temperature and a reduction 
in vertical wind shear — which 
pulls cyclones apart — could 
explain the projected increase 
in storm frequency during the 
summer monsoon season. 
Clim. Dyn. http://dx.doi.org/ 
10.1007/s00382-012-1407-z 
(2012) 
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UN science advice 
The United Nations is to set 

up an international board of 
science advisers, to be selected 
by its Environmental, Scientific 
and Cultural Organization 
(UNESCO). The board’s remit 
is to promote cooperation 

on science-related issues 
between UN agencies, and 
with the international scientific 
community. UNESCO's 
director-general, Irina Bokova, 
announced the decision on 22 
June at the Rio+20 conference 
on sustainable development. 
See go.nature.com/2zxlep for 
more. The conference itself 
concluded with modest and 
mostly voluntary commitments 
to sustainable-development 
goals after 2015. See page 447 
for more. 


Romania plagiarism 
More than 6,000 scientists 

and academics have signed 

an online petition calling on 
Romanian Prime Minister 
Victor Ponta to resign, after 
Nature revealed allegations of 
extensive plagiarism in Ponta's 
doctoral thesis (see Nature 
486, 305; 2012). 


Primate transport 
Israeli airline El Al has added 
itself to the list of air carriers 
refusing to transport monkeys 
for medical research. Its 
decision follows an Israeli 
supreme-court ruling this 
month that banned a breeding 
facility near Tel Aviv from 
exporting wild-caught 
monkeys to the United States. 
Activists worldwide mounted 
a campaign to pressure El Al 
not to fly even captive-born 
monkeys (which the court 
ruling had permitted). 

The airline’s decision was 
announced on 18 June in 

a terse letter to the Israeli 
animal-advocacy group Let the 
Animals Live. See go.nature. 
com/3sqalw for more. 


Farewell, Lonesome George 


Lonesome George, the Galapagos giant 
tortoise widely known as the rarest in the 
world, died unexpectedly on 24 June, at the 
age of around 100. George was discovered in 
1971, and conservationists had hoped to coax 
his subspecies (Chelonoidis nigra abingdoni) 
back from the brink of extinction. But no 


others of his kind were ever found, and George 
stayed mainly indifferent to female tortoises 

of different subspecies that were introduced to 
him. He became a conservation icon: a quiet but 
powerful ambassador for the Galapagos Islands 
and for endangered species everywhere. See 
go.nature.com/hamvew for more. 


Korean creationism 
In response to a public outcry 
over the removal of examples 
of evolution from school 
biology textbooks (see Nature 
486, 14; 2012), South Korea’s 
Ministry of Education, Science 
and Technology is to set up 

a panel to oversee future 
revisions of science textbooks. 
See go.nature.com/fcivld for 
more. 


Drug approvals 


US legislation that allows drug- 
makers to pay a fee in return 
for a speedier approval process 
looks likely to be renewed for 
the next five years. The bill, 
called the Prescription Drug 
User Fee Act (PDUFA), was 
first enacted in 1992; its fifth 
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version reached a near-final 
step on 20 June, when the 
House of Representatives 
voted to re-authorize it. Up to 
2017, PDUFA V is expected 
to generate billions of dollars 
for the US Food and Drug 
Administration in new fees 
from generic and biosimilar 
drug-makers. See go.nature. 
com/kp5ixp for more. 


Open data 

Hoarding research data is a 
“serious impediment” to the 
scientific process, the UK 
Royal Society notes in a 21 June 
report, Science as an Open 
Enterprise. It urges funders, 
institutions and scientists to 
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“shift away from a research 
culture where data is viewed 

as a private preserve” and to 
give greater recognition to the 
importance of generating and 
curating data. See page 441 and 
go.nature.com/nkt9Is for more. 


Agriculture reform 
A major global agricultural 
network — the CGIAR 
Consortium — launched its 
reshaped science programme at 
the Rio+20 conference in Brazil 
last week. The consortium, 
which supports some 

8,000 scientists and staff in 15 
centres around the world, has 
restructured its work into 15 
research programmes, ranging 
from improving the yields of 
crops to studies on agricultural 
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SOURCE: R. A. WATSON ETAL. FISH FISH. HTTP://DOILORG/HZ2 (2012) 


policies and markets. Its budget 
will be around US$1 billion a 
year from 2013. See go.nature. 
com/bogcnz for more. 


China dock and dive 


China is celebrating feats 

of technological prowess in 
space and under the sea. On 
24 June, three astronauts on 
the country’s Shenzhou 9 
spacecraft achieved a first- 
ever manual docking with 

its orbiting space module, 
Tiangong 1. On the same 
day, the country’s manned 
research submersible Jiaolong 
successfully completed 

its deepest test dive, to 

7,020 metres in the Mariana 
Trench in the western Pacific 
Ocean. See go.nature.com/ 
bocfdj for more. 


Nuclear protests 


In the largest of many 
demonstrations against the 
imminent restart of nuclear 
reactors in Japan (pictured), 
around 40,000 protesters rallied 
in front of the prime minister's 
residence in Tokyo on 22 June. 
The protests, unusual in a 
country not known for political 
activism, followed approvals 
earlier this month by local and 
central government to restart 
two reactors at the Ohi power 
station in Fukui prefecture. 
They would be the first 
shuttered plants to reopen since 
the Fukushima nuclear disaster 


TREND WATCH 


The fishing power of fleets in 
the world’s oceans (measured 
by factors including ship 
engine power and vessel size) 
has increased 10-fold since the 
1950s — and 25-fold in Asia. 
Yet the amount of fish caught 
for each standardized unit of 
fishing effort has halved (see 
chart), illustrating the decline 
in fish resources, according 

to an analysis led by an 
international team of fisheries 
scientists, published on 19 June 
(R. A. Watson et al. Fish Fish. 
http://doi.org/hz2; 2012). 


in March 2011, and would start 
generating power in July. 


PEOPLE 
Psychology fraud 


Erasmus University Rotterdam 
in the Netherlands announced 
on 25 June that after an 
internal investigation it 

would retract two papers 

from social psychologist Dirk 
Smeesters, and had accepted 
his resignation. Smeesters 

is a professor specializing 

in consumer behaviour at 

the university’s Rotterdam 
School of Management. His 
misconduct comes in the wake 
of findings of fraud by another 
social psychologist, Diederik 
Stapel, at Tilburg University in 
the Netherlands (see Nature, 
479, 15; 2011). 


Turkish arrest 


Kemal Giriiz, a prominent 
academic reformer in Turkey, 
was arrested and jailed in 
Ankara on 25 June. Charges 
have not yet been formally 
published, but reportedly 


concern the allegation that 
Giritiz informed the military 
about the political orientation 
of Turkish university rectors 
when he was president of the 
Turkish Council of Higher 
Education between 1995 and 
2003. Many academics and 
human-rights workers say the 
charges are trumped up. Gitriiz, 
a defender of secularism in 
universities, was also arrested 
in 2009 with other academics 
and charged with membership 
of an antigovernment 
organization (see Nature 470, 
436; 2011); that case is ongoing. 
See go.nature.com/14nawu for 
more. 


Kyoto prizewinners 
This year’s ¥50-million 
(US$626,000) Kyoto prizes 

in science have been won 

by Yoshinori Ohsumi and 

Ivan Sutherland. Ohsumi, 

a molecular biologist at the 
Tokyo Institute of Technology, 
won the basic-sciences prize 
for his work in the field of 
autophagy. Computer scientist 
Sutherland at Portland State 
University in Oregon was 
awarded the advanced- 
technology prize for his work 
on graphics and user interfaces. 


Egypt’s elections 
Scientists in Egypt are 
hoping for a renaissance 
after a politician with a 
background in materials 
science and engineering won 
the country’s presidential 


DIMINISHING RETURNS ON FISHING 


For each unit of fishing power expended by fleets, fish 
catches are now half what they were in 1950. 
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SEVEN DAYS | THIS WEEK | 


1-6 JULY 

More than 25 Nobel 
prizewinners meet with 
hundreds of young 
researchers at the 
Lindau Nobel Laureate 
Meeting in Germany, 
which this year is 
dedicated to physics. 
www.lindau-nobel.org 


4-11 JULY 

Expect more results in 
the hunt for the Higgs 
boson, as the latest data 
from CERN, Europe’s 
particle-physics 
laboratory, are discussed 
at a conference on 
high-energy physics in 
Melbourne, Australia. 
ichep2012.com.au 


elections. Mohammed Morsi, 
the candidate for the Muslim 
Brotherhood, gained a PhD 

at the University of Southern 
California in Los Angeles, and 
from 1985 to 2010 headed the 
materials-science department 
at Zagazig University in 
Egypt. He has promised to 
increase research spending. 
See go.nature.com/dxnur4 for 
more. 


STANDING UP FOR SCIENCE 
Nominations are invited 

for the John Maddox 

Prize, which will reward an 
individual in any country 
who has promoted sound 
science and evidence ona 
matter of public interest. The 
£2,000 (US$3,000) prize 
puts emphasis on those 

who have faced difficulty 

or hostility for their efforts. 
The prize is awarded by 
Nature and Sense About 
Science, and is supported 
by the Kohn Foundation. The 
deadline for nominations 

is 20 August 2012. See 
go.nature.com/9rvdl1t. 
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Environmental activists push an inflatable globe through the streets of Rio de Janeiro, Brazil, during multilateral talks on sustainable development. 


ENVIRONMENT 


Wealth gap curbs Rio goals 


Outcome of last week’s Earth Summit reflects the divided priorities of rich and poor nations. 


BY JEFF TOLLEFSON IN RIO DE JANEIRO 


razil’s celebrated coastal metropolis is 
B defined by stark contrasts, both geo- 
graphic and economic. Extravagant 
wealth rings the city’s luxurious beaches, while 
poverty looks on from the haphazard develop- 
ments called favelas that sprawl across the sur- 
rounding hills. Such conspicuous inequality is 
symbolic of the challenge humanity faces on a 
global scale — a problem that restricted pro- 
gress at the Rio+20 meeting last week to a mod- 
est and mostly voluntary set of commitments. 
“What has been agreed to is entirely 


insufficient to tackle the problems that are 
before us on environment and development,’ 
says Manish Bapna, acting president of the 
World Resources Institute, a global environ- 
ment think tank in Washington DC. 

The 49-page document adopted on 22 June 
at the close of Rio+20 — the United Nations 
Conference on Sustainable Development — 
does many small things. 

Called The Future We 


Want, it establishes a _ For Nature’s special 
process for craftingaset onthe Rio meeting, 
of sustainable-develop- see: 


ment goals that would 
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come into effect just as the UN Millennium 
Development Goals expire in 2015. It endorses 
efforts to reduce consumption, improve 
energy systems and encourage a greener world 
economy, and calls for an international gov- 
ernance system for conserving biodiversity in 
the high seas. 

But the agreement offers little in the way 
of relief for an increasingly pressured bio- 
sphere. Whereas the first Earth Summit in Rio 
de Janeiro in 1992 served as a launch pad for 
landmark agreements such as the Convention 
on Biological Diversity and the UN Framework 
Convention on Climate Change, the 2012 
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meeting instead revolved around the thorny 
question of global inequality. 

Poverty, not global warming or the environ- 
ment, is “the greatest challenge that we face in 
the world today’; said Luiz Alberto Figueiredo 
Machado, Brazil's chief negotiator, when a draft 
that ultimately became the final agreement was 
announced on 19 June. One of Brazil's slogans 
for the conference was “To grow, to include, to 
protect’, and as talks commenced, developing 
countries aligned their priorities in that order. 

Throughout the meeting, the developing 
countries that make up the Group of 77 nego- 
tiating bloc (G77) objected to language that 
they felt might constrain their ability to grow 
and lift citizens out of poverty. In one case, the 
G77, along with the United States, blocked a 
European proposal to acknowledge the exist- 
ence of global environmental thresholds that 
should not be surpassed. Such ‘planetary 
boundaries’ could include levels of carbon 
dioxide in the atmosphere and acidification of 
the oceans. Developing countries also fought 
against commitments to pursue a green econ- 
omy unless they were phrased in the context 
of economic and social development. For such 
nations, “inclusive growth and a rapid increase 
in per capita income levels are development 
imperatives”, declared Indian Prime Minister 
Manmohan Singh in his conference address. 

Yet industrialized countries, including 
the United States and those in the European 
Union, seemed to be too preoccupied with 
their own economic woes to step forward 
with major new financial commitments for 
poor countries. The final text of the agreement 
provided no concrete answers to long-standing 
questions about development aid. 

Although talks among high-level officials 


made little headway, there was a flurry of 
activity at hundreds of side meetings. The UN 
counted more than 100 individual initiatives 
on renewable energy by governments, busi- 
nesses and multilateral financial institutions 
such as the World Bank, and monetary com- 
mitments of more than US$513 billion for a 
range of public and private initiatives on sus- 
tainable development. Many observers took 
such announcements as a sign that action is 
happening from the bottom up, even as inter- 
national negotiations stall at the top. But others 
regarded the initiatives as too little, too late. 

“There is compelling scientific evidence that 
we will lose invaluable species, ecosystems and 
their services under global warming as gen- 
erated by business as usual with a few green 
speckles,” says Hans Joachim Schellnhuber, 
director of the Potsdam Institute for Climate 
Impact Research in Germany. Schellnhuber 
says that governments are ignoring planetary 
boundaries at their own peril. “In this respect, 
the second Rio summit has utterly failed” 


HUMAN INVESTMENT 

Brazil as a country is emblematic of the eco- 
nomic imbalance that hung over the meeting 
and that threatens to hamper progress at future 
global environment talks. With the sixth larg- 
est economy in the world, Brazil is regarded 
abroad as an emerging power, but the country 
sinks to 101st in a ranking of gross domestic 
product per capita. 

Rio de Janeiro’s poorest districts, such as 
Cachoeirinha in the west, also offer a glimpse 
of the future for much of the planet. UN pro- 
jections suggest that by 2025, the world’s cities 
could contain one billion new residents, most of 
whom will begin their lives in slums and poor 


In the Manguinhos neighbourhood of Rio de Janeiro, talk of reducing consumption seems a world away. 
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communities throughout the developing world. 

Jilson Roberto is head of the Cachoeirinha 
community association, and attended the 
1992 Earth Summit to advocate for a green- 
development plan on behalf of favelas. Rob- 
erto says that his community has little to show 
for the effort 20 years later. Cachoeirinha still 
lacks basic rubbish collection and floods regu- 
larly when it rains. The area also remains in 
the hands of drug traffickers, their territory 
marked by a pair of sofas blocking the road 
outside the community centre. Governments 
shouldn't forget about the current generation 
as they plan for the future, Roberto says. “We 
need to invest in human beings today.” 

To that end, the summit agreement calls 
for a high-level political forum to promote 
work on sustainable development. Its role and 
function remain to be worked out, but the Rio 
agreement suggests that the forum would con- 
duct a regular scientific assessment of progress 
towards sustainable-development initiatives, 
says Gisbert Glaser, senior adviser at the Inter- 
national Council for Science in Paris, which 
represented scientists’ interests in the Rio+20 
negotiations. 

More than ever, Glaser says, scientists need 
to work across disciplines to advise policy- 
makers on a host of interrelated issues, from 
climate, energy and water to food, poverty and 
development. He adds that researchers need 
to develop metrics to help define sustainable 
development, similar to the carbon dioxide 
levels and temperature thresholds used to 
assess global warming, and then work with 
social scientists and economists to look for 
politically viable solutions. “This is a difficult 
thing to do,’ he says, “but we have to do it.” 

Examples of such complexity abound. When 
it comes to biofuels, for instance, governments 
must learn how to account for water use and 
international trade to understand the broader 
impacts of biofuel production on land use, bio- 
diversity and food prices. 

Biologist John Sulston of the University of 
Manchester, UK, who chaired a UK Royal 
Society working group that investigated links 
between global population and consumption, 
laments that the final agreement fails to link 
population to sustainable development. To 
Sulston, this is like planning a party without 
a guest list, “but on a unimaginably vast scale”. 
In another example of the competing agendas 
at work behind such issues, the Vatican led a 
small group of countries in removing the term 
‘reproductive rights’ from the text, despite 
pressure from family-planning groups. 

Rather than complaining that global leaders 
have failed in the negotiations, Sulston says, 
scientists can and should work to help coun- 
tries to develop new sustainable-development 
goals in the coming years. “Delving into the 
[agreement] text, we can see the skeleton of 
what we need to ensure our planet’s future,” 
he says. “From these bare bones we can raise 
an army.’ 
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Freeze on mutant-flu 
research set to thaw 


But some fear that if more labs work on the viruses, the risk of accidental release will multiply. 


BY DECLAN BUTLER 


think again. Last week’s publication of the 

second of two papers describing how to 
make mammalian-transmissible forms of the 
H5N1 avian influenza virus merely closes one 
chapter of a smouldering debate about the risks 
of the research. That debate seems certain to 
reignite in the coming months once researchers 
lift a voluntary moratorium on the work. 

The research published last week, led by 
Ron Fouchier at the Erasmus Medical Centre 
in Rotterdam, the Netherlands, showed that 
introducing as fewas five genetic mutations 
made the H5N1 virus capable of airborne 
spread between ferrets”. It followed simi- 
lar work published in May’ by Yoshihiro 
Kawaoka’s groups at the University of 
Wisconsin—Madison and the University 
of Tokyo. 

In December 2011, the US National 
Science Advisory Board for Biosecurity 
(NSABB) had recommended that only 
redacted portions of the papers should be pub- 
lished, mainly on the grounds that divulging 
the detailed methods could increase the risk of 
bioterrorism. But, after much wrangling, the 
NSABB in March finally agreed to the publi- 
cation of updated versions of the full papers’. 

Supporters of the research say that it could 
help public-health experts to detect ominous 
genetic changes in nature, providing an early 
warning ofan emerging flu pandemic. Others 
are sceptical, and point out that an expansion 
of research to pursue this goal would prob- 
ably see similar mutant viruses being created 
in dozens more labs worldwide — some of 
which may lack adequate biosafety standards. 
That would multiply the risk of an accidental 
release of a pathogen capable of sparking a 
pandemic. 

For now, the research moratorium agreed 
by 39 leading flu scientists in January and 
extended at a meeting convened by the World 
Health Organization (WHO) in Geneva in 
February’ is allowing the field to discuss how 
to proceed safely. The moratorium would 
only be lifted, experts at the meeting agreed, 
once funders and regulators had worked out 
the biosafety and biosecurity conditions that 
would allow such research to be conducted 
with reasonable guarantees of safety. The 


I: you thought that the controversy was over, 


meeting also resulted in a public-relations 
campaign to influence public opinion about 
the research and its potential benefits. 

Flu researchers will soon be able to argue 
that those conditions have been met. “We have 
heard from several researchers that they would 
like to lift the moratorium sooner rather than 


Just a few genetic tweaks can enable the HSN1 
avian flu virus to transmit between mammals. 


later,’ says Fouchier, one of its signatories. 

In a few weeks, the WHO will unveil non- 
binding biosafety and biosecurity guidelines 
for mutant-flu research. Over the following 
months, national regulatory authorities are 
expected to produce their own biosafety rules. 
In the United States, which is the main funder 
of this type of flu research, a joint committee 
of federal agencies — the Intragovernmental 
Select Agents and Toxins Technical Advisory 
Committee — is expected to issue its own 
biosafety rules soon. A more detailed plan — 
the United States Government Policy for Local 
Institutional Oversight of Dual Use Research 
of Concern — is also likely to be released 
for public comment soon, possibly within 
weeks, says Anthony 
Fauci, director of the 
US National Institute of 
Allergy and Infectious 
Diseases (NIAID) in 
Bethesda, Maryland. 


NATURE.COM 
For more, see 
Nature's mutant-flu 
special: 
go.nature.com/mhmibi 
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But Fauci says that he is keen to restart 
the research before the final policy is pub- 
lished months from now. He intends to hold 
a discussion on future plans for this work at 
the annual meeting of the NIAID Centers 
of Excellence for Influenza Research and 
Surveillance in New York at the end of July, 
which will be attended by many of the mora- 
torium’s signatories. “I can't say that the 
moratorium will officially end then, but we 
are certainly going to address the topic at that 
meeting,’ he says, “to get some research going 
on an interim basis.” 
The moratorium only involves the 
handful of groups, mostly funded by the 
US National Institutes of Health, that 
currently work on ‘gain-of-function’ 
experiments that increase the transmis- 
sibility or pathogenicity of flu viruses, 
emphasizes Fauci. “Many people think 
that the entire field of influenza research 
is on hold because of this moratorium, and 
that’s not the case.” 

Some scientists, however, question 
whether funders should be driving the pro- 
liferation of this research. Ilaria Capua, a flu 
researcher at the Veterinary Public Health 
Institute in Legnaro, Italy, and a signatory 
to the moratorium, says that there remains a 
“central strategic question of whether these 
experiments should continue at all”. 


PROLIFERATION CONCERNS 

Advocates of expanding the research say that 
finding genetic mutations that might make 
viruses more likely to trigger a pandemic could 
improve surveillance efforts. But this would 
require extensive experiments in ferrets and 
other animals, because the work would involve 
testing multiple mutations of the many types 
of wild H5N1 virus and the diverse range of 
other flu viruses with pandemic potential, 
such as H9 and H7 viruses. 

“What is going to happen if we decide to 
continue funding research on this topic, and 
in 20 years’ time we have 200 labs which have 
such viruses?” asks Capua. With advances 
in technology bringing mutant-flu research 
within the reach of many modest labs, even 
in the world’s poorest countries, she wor- 
ries about its unchecked proliferation in 
politically volatile regions. “Do we need to 
continue working on making these viruses 
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more and more dangerous, and more 
and more transmissible? Do the research 
benefits outweigh the risks?” 

The WHO’s imminent biosafety guide- 
lines will try to address such proliferation 
concerns, says one WHO official. Beyond 
making recommendations about biologi- 
cal containment levels and other physical 
precautions, the WHO will also suggest 
that labs should meet the highest stand- 
ards of safety, attaining international 
standards for staff training and managing 
biological risks. The idea, says the WHO 
official, is to set a high bar for entry into 
this type of work. 

Four leading public-health scientists also 
called for caution in an article® published 
in the same issue of Science as Fouchier’s 
paper. Any predictions of flu’s behaviour 
based on its complex genetics and host 
interactions are “highly speculative’, they 
write, which raises questions about the 
potential benefit of mutant-virus work to 
flu surveillance. Moreover, current systems 
of genetic surveillance of flu viruses are too 
patchy, and years can pass before samples 
are sequenced’. Contrasting the uncertain 
benefits with an “exceptional level of risk 
should motivate exceptional caution by 
scientists, funders, and regulators world- 
wide’, the authors write®. 

But Fouchier says that the mutant flu 
viruses that he and Kawaoka have worked 
on raise few new biosafety issues. “For over 
a century, the infectious-disease commu- 
nity has published work on dangerous 
pathogens while relying on national gov- 
ernments, institutional biosafety offices 
and the responsibility of scientists to 
ensure that the work is done under appro- 
priate conditions,’ Fouchier adds. “Very 
little has gone wrong so far, so why would 
that be different now?” 

The debate over risks and benefits is 
likely to come to a head at a meeting that 
the WHO will convene early next year to 
discuss the wider implications of high-risk 
biological research and how researchers, 
institutions and governments might best 
assess and manage risk. “The meeting 
will not be restricted to flu researchers, or 
virologists or researchers of any sort,” says 
the WHO official. “They will certainly be 
represented, but so too will other groups 
which have very legitimate interests and 
perspectives on this whole question.’ = 
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Sea versus senators 


North Carolina sea-level rise accelerates while state 
legislators put the brakes on research. 


BY LEIGH PHILLIPS 


( “is nature be mocking North Caro- 
lina’s law-makers? Less than two weeks 
after the state's senate passed a bill ban- 

ning state agencies from reporting that sea- 

level rise is accelerating, research has shown 
that the coast between North Carolina and 

Massachusetts is experiencing the fastest sea- 

level rise in the world. 

Asbury Sallenger, an oceanographer at the 
US Geological Survey in St Petersburg, Florida, 
and his colleagues analysed tide-gauge records 
from around North America. On 24 June, they 
reported in Nature Climate Change that since 
1980, sea-level rise between Cape Hatteras, 
North Carolina, and Boston, Massachusetts, 
has accelerated to 
between 2 and 3.7 mil- 
limetres per year. That 
is three to four times 
the global average, and 
it means the coast could 
see 20-29 centimetres 
of sea-level rise on top 
of the metre predicted 
for the world as a whole 
by 2100 (A. H. Sallenger 
Jr et al. Nature Clim. 
Change http://doi.org/ 
hz4; 2012). 

“Many people mis- 
takenly think that the 
rate of sea-level rise is 
the same everywhere 
as glaciers and ice caps 
melt,” says Marcia 
McNutt, director of the 
US Geological Survey. 
But variations in currents and land movements 
can cause large regional differences. The hot- 
spot is consistent with the slowing measured 
in Atlantic Ocean circulation, which may be 
tied to changes in water temperature, salinity 
and density. 

North Carolina’s senators, however, have 
tried to stop state-funded researchers from 
releasing similar reports. The law approved by 
the senate on 12 June banned scientists in state 
agencies from using exponential extrapola- 
tion to predict sea-level rise, requiring instead 
that they stick to linear projections based on 
historical data. 

Following international opprobrium, the 
state’s House of Representatives rejected 
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The tide will not be held back by law-makers. 


the bill on 19 June. However, a compromise 
between the house and the senate forbids state 
agencies from basing any laws or plans on 
exponential extrapolations for the next three 
to four years, while the state conducts a new 
sea-level study. 

According to local media, the bill was the 
handiwork of industry lobbyists and coastal 
municipalities who feared that investors and 
property developers would be scared off by 
predictions of high sea-level rises. The lobby- 
ists invoked a paper published in the Journal of 
Coastal Research last year by James Houston, 
retired director of the US Army Corps of 
Engineers’ research centre in Vicksburg, Mis- 
sissippi, and Robert Dean, emeritus profes- 
sor of coastal engineering at the University 
of Florida in Gaines- 
ville. They reported 
that global sea-level 
rise has slowed since 
1930 (J. R. Houston and 
R. G. Dean J. Coastal 
Res. 27, 409-417; 2011) 
— acontention that cli- 
mate sceptics around 
the world have seized 
on. 

Speaking to Nature, 
Dean accused the 
oceanographic com- 
munity of ideological 
bias. “In the United 
States, there is an over- 
emphasis on unreal- 
istically high sea-level 
rise, he says. “The 
reason is budgets. I am 
retired, so I have the 
freedom to report what I find without any 
bias or need to chase funding” But Sallenger 
says that Houston and Dean's choice of data 
sets masks acceleration in the sea-level-rise 
hotspot. 

North Carolina is not the only hotspot for 
efforts to legislate away the reality of sea- 
level rise. In 2011, the Texas Commission 
on Environmental Quality removed all ref- 
erences to rising sea levels from a scientific 
study of Galveston Bay on the Gulf of Mexico. 
And this month, the Virginia General Assem- 
bly passed a bill commissioning a study on 
rising sea levels — but only after references 
to sea-level rise and climate change had been 
removed. m 
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SPECIES RECOVERY 


Despite a ban on toxic bullets, the carcasses left by US hunters are poisoning this majestic carrion feeder. 


California condors 
face lead menace 


Signature species may need perpetual conservation. 


BY MEERA SUBRAMANIAN 


fter more than three decades on the 
A of extinction, the California con- 

dor (Gymnogyps californianus) — the 
largest and most threatened wild bird species 
in the United States — is making a modest 
recovery, thanks to intensive captive breeding 
and medical intervention. But troubling data 
reported this week suggest that unless hunters 
change their practices, the condor will require 
extensive support in perpetuity if it is to sur- 
vive in the wild. 

The cause of the problem is that the condors 
ingest lead when they feed on the carcasses of 
animals that hunters have shot. A multidisci- 
plinary study published on 26 June (M. Fin- 
kelstein et al. Proc. Natl Acad. Sci. USA http:// 
dx.doi.org/10.1073/pnas.1203141109; 2012) 
shows that chronic lead poisoning persists 
among condors, despite a 2008 California ban 
on the use of lead shot in regions where the 
birds are being reintroduced. 

Building on earlier studies, the researchers 
collected feathers and blood samples from 
trapped birds and found no discernible dif- 
ference in lead levels before and after the ban. 
Condors feed by scavenging; the results show 
that many of those sampled have dangerous 
levels of lead in their bodies. Lead poisoning 
can severely damage the birds’ nervous sys- 
tems and impair liver and kidney function, 


among other problems, and it can be fatal. 
The study also found that approximately 20% 
of condors in the wild have lead levels that are 
high enough to require costly treatment with 
chemical agents to remove the toxic metal 
from their bodies. 

“By any measure, the lead poisoning rates 
in condors are of epidemic proportions,’ says 
Myra Finkelstein, a toxicologist at the Univer- 
sity of California at Santa Cruz, who led the 
research. 

The California condor population fell to 
an all-time low of 22 individuals in 1982, but 
captive-breeding and monitoring programmes 
have brought it back up to nearly 400 birds. Of 


LOADED ODDS 


A condor is likely to be poisoned even if just a 
small proportion of the carcasses it consumes 
contain lead. 
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those, half reside in captive-breeding centres, 
which provide a steady supply of new releases. 
In California, only 24 chicks have fledged in 
the wild. At that rate, the study shows, it would 
take 1,800 years for the population in Califor- 
nia to reach 150 — the number called for in the 
recovery plan — without the ongoing release 
of birds bred in captivity. 

Finkelstein’s team did an isotopic analysis of 
the lead in the birds and identified lead shot or 
bullets as the main source of contamination. 
Even though hunters must use copper bullets 
or other alternatives in condor habitat, some 
are apparently ignoring the ban. Condors must 
consume 75-150 carcasses every year to main- 
tain a healthy weight. The study found that 
even if fewer than 2% of the carcasses contain 
lead, there is a 50% chance that a condor will 
eat contaminated meat (see ‘Loaded odds’). 

“Kudos to the hunters who are using copper 
[bullets], but it isn’t going to be effective until 
you get all the lead out,” says Jeff Miller, conser- 
vation advocate for the Center for Biological 
Diversity (CBD), based in Tucson, Arizona. 
Lead ammunition is cheaper and popular with 
hunters. The American Bird Conservancy in 
The Plains, Virginia, which advocates for lead- 
free hunting, argues that publicizing the risk 
of lead shot to human health might persuade 
hunters to use alternatives. 

Pedro Nava, a former member of the Cali- 
fornia State Assembly who spearheaded the 
lead ban, says that a lack of resources for 
enforcing the ban means that the condor’s 
future depends on the good will of hunters. 
He says that the California Department of Fish 
and Game needs more enforcement personnel. 
“They have 300 game wardens in the state. If 
they were to be consistent with other states in 
terms of population, they should have a thou- 
sand, he says. 

Nava says that he would like to see the ban 
expand beyond condor habitat, starting with 
state-owned uplands favoured by hunters. On 
7 June, the CBD filed a lawsuit to require the 
US Environmental Protection Agency (EPA) 
to ban lead ammunition, but the agency main- 
tains that it lacks the legal authority to do so. 

Despite general acceptance in the United 
States for the need to restrict lead in nearly 
all commercial products, the National Rifle 
Association (NRA), based in Washington 
DC, says that applying such rules to ammu- 
nition would infringe US gunowners rights. 
“Wedd look at it as an anti-gun move,” said 
Susan Recce, the NRA’s director of conserva- 
tion, wildlife and natural resources. The NRA 
is lobbying for legislation that would prevent 
any EPA intervention. 

Finkelstein says that the problem has to be 
addressed somehow, or the California condors 
will never recover. “We're spending an exor- 
bitant amount of time tracking, trapping and 
hospitalizing these condors to manage their 
lead poisoning episodes,” she says. “It’s just not 
an effective way to go about this problem.” m 
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PALTRY PESOS 


Mexico’s gross expenditure on research and development (R&D) relative to its gross 
domestic product (GDP) lags behind that of rivals in Latin America, the European Union 
(EU) and the Organisation for Economic Co-operation and Development (OECD). 
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Science at stake in 
Mexican election 


Presidential candidates vow to restore research reputation. 


BY ERIK VANCE IN MEXICO CITY 


exican scientists have watched 
Me dismay as their country, Latin 

America’s second-largest economy, 
has slipped down the research-spending ranks 
in recent years. Candidates in this week’s presi- 
dential election have pledged to change that. 

Back in 2000, presidential candidate Vicente 
Fox promised to raise Mexico's gross expendi- 
ture on research and development from about 
0.4% to 1% of gross domestic product (GERD 
per GDP, often known as research intensity). 
Fox won, but despite legislation meant to guar- 
antee the increase, Mexicos GERD per GDP 
has remained below 0.5%. Science has barely 
featured in campaigns for subsequent elections, 
presidential or otherwise. 

Nowit is back with a vengeance. In presiden- 
tial debates, all three leading candidates have 
sworn to make good on Fox’s promise. “This 
is the very first time that I have heard the can- 
didates make positive pronouncements about 
science,’ says José Franco Lopez, president of 
the Mexican Academy of Sciences in Mexico 
City. “Before, science was nowhere in their 
speeches. This time they are acknowledging 
that science and technology and innovation 
are engines for economic development.” 

The attention to research investment 
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comes as Mexico faces competition from 
other emerging economies. “Brazil has almost 
caught up with Mexico in GDP per capita, in 
less than a generation,’ says Andrew Selee, 
director of the Mexico Institute at the Wood- 
row Wilson Center in Washington, DC. “Mexi- 
cans are starting to ask why.” 

For much of the twentieth century, Mexico 
was considered to be the leader in Latin Amer- 
ican science. Yet although the country still has 
pockets of research excellence, Mexico’s GERD 
per GDP now ranks among the very lowest 
in the world’s top 


40 economies (see “This is the very 
‘Paltry pesos’). first time that 
Brazil, by contrast, [have heard 
has consistently the candidates 
spent more than make positive 
A 
1% of its GDP on )renouncements 


research since 2006. 
Its gross expenditure 
on science, including 
industrial research, totals almost US$20 bil- 
lion per year — roughly five times Mexico's 
tally — despite cuts this year of almost 20% 
to the US$3.8-billion budget of the Brazilian 
Ministry of Science, Technology and Inno- 
vation (L. Amorim Science and Development 
Network 6 March 2012). 

“Knowledge, research, development and 


about science.” 
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innovation have not been a priority for Mexi- 
can decision-makers,’ says Juan Pedro Laclette, 
head of the Scientific and Technological Con- 
sultative Forum, a leading think-tank for 
science based in Mexico City. “If you plant 
peanuts, you are going to harvest peanuts. 
What Mexican politicians have planted — have 
invested — is peanuts.” 

The presidential candidate who talks the 
most about reviving research is Andrés Manuel 
Lopez Obrador, who leads the left-wing Party 
of the Democratic Revolution. Polls put him 
just ahead of Josefina Vazquez Mota of the 
right-leaning National Action Party, which 
has held the presidency since 2000, but behind 
Enrique Pefia Nieto of the left-wing Institu- 
tional Revolutionary Party, which controlled 
the Mexican government for more than seven 
decades until 2000, and became a symbol of 
corruption and voter fraud. 

In the most recent presidential election, in 
2006, Obrador came second by such a nar- 
row margin that he held regular protests for 
five months, during which time he named 
himself president and even set up an alterna- 
tive government — machinations that have 
damaged his credibility this time around. His 
party, however, has deep roots in academia 
and enjoys wide support from scientists. René 
Drucker Colin, a neuropathologist and former 
coordinator of basic science at the National 
Autonomous University of Mexico in Mexico 
City, one of Latin America’s biggest universi- 
ties, is among the researchers who have taken 
to the campaign trail on Obrador’s behalf. 

Obrador plans to remedy what many 
researchers complain is a major handicap for 
Mexican science: the lack of a clear national 
research strategy with long-term commitments 
to nurturing particular fields. He has pledged 
to boost spending and promote the country’s 
biggest science funder, the National Council on 
Science and Technology, to a fully fledged min- 
istry — with Drucker Colin at its head — that 
would control the nation’s entire science budget. 

Pefia Nieto, the current presidential front 
runner, has said less publicly about science. 
But in an e-mail to Nature, he wrote: “We need 
to create a National System for Innovation that 
promotes it through effective stimuli, intellec- 
tual property rights protection, better access 
to credit and coordination between the public 
and private sectors.” 

Industry contributes less than half of Mex- 
icos GERD per GDP, and the country’s sci- 
entists, including Pedro Laclette, have long 
bemoaned the schism between industry and 
academic research. In the future, wrote Pena 
Nieto, “private funding will be instrumental to 
the success of the system”. 

Whoever wins the election, researchers are 
adamant that the time for broken promises is 
past. “If you take the difference between what 
they give and what they were supposed to be 
giving, they owe science a huge amount of 
money,’ says Franco Lopez. m 
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Model pigs face messy path 


As approvals for engineered food animals stall, pigs may be US regulators’ next challenge. 


BY AMY MAXMEN 


r | Vhe three litters of Yucatan miniature 
piglets, born in late May, dwell in a 
space more like a neonatal care unit 

than a barn. They require hand-feeding and 

frequent veterinary attention from the staff 
at Exemplar Genetics in Sioux Center, Iowa. 

Their muscles already show the signs of dete- 

rioration that they were bred for. 

As the United States’ first genetically engi- 
neered (GE) pigs with muscular dystrophy, the 
creatures could be used to test treatments for 
the disease. But their utility will remain lim- 
ited for the time being, while the US Food and 
Drug Administration (FDA) works out how 
to regulate them. 

Exemplar Genetics, which aims to sell GE 
pig models for use in academic and pharma- 
ceutical laboratories, has so far bred about 
275 pigs — some with cystic fibrosis, others 
with heart disease, arrhythmia or cancer, and 
now muscular dystrophy. Because pigs mimic 
these human diseases more closely than mice, 
they are desirable models for drug testing and 
for studying the disease process. 

However, as the first company to seek 
approval for a disease model in a GE animal 
that could, in theory, also be eaten, Exem- 
plar is navigating a dimly lit regulatory path. 
In 2009, the company submitted its 
first application to the FDA for 
approval of its cystic fibrosis pig 
model. “We don't really know 
what additional steps we need to 
do in order to get FDA approval for ’ 
full commercialization,’ says John Swart, 
president of Exemplar. Nevertheless, the 
company remains hopeful that its pigs will 
skirt the hardships 
that have befallen 
other GE animals in 


Drug companies 
want to test therapies 


the pipeline. on Yucatan piglets 
As early as 1999, engineered to develop 
the FDA spoke about diseases. 
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the promise of GE animals for both food and 
pharmaceutical purposes. Ten years later, the 
agency created a framework to judge their 
safety. In 2009, it applied the guidelines in 
approving a GE goat that produces a blood- 
clotting drug in its milk. 

Since then, however, FDA approvals for two 
GE food animals have stalled: a salmon with 
a gene prompting faster growth, and a hog 
engineered to excrete less-toxic manure. Mem- 
bers of Congress have voiced their fears about 
such ‘frankenfish, and environmental groups 
are concerned that transgenic animals might 
escape and interbreed with wild populations. 

In April, amid the delays, the University 
of Guelph in Ontario, Canada, which was 
sponsoring the environmentally friendly 
hog, backed out of the approval process. Last 
month, the experimental hogs were put down. 
AquaBounty, the GE salmon company, based 
in Maynard, Massachusetts, fears that it, too, 
may have to pull its product if delays persist. 
“We've done everything we've been asked to 
do, and nothing has happened for so long that 
it’s threatening the existence of our company,’ 
says Ronald Stotish, AquaBounty’s president. 
The FDA declined to comment on any pend- 
ing GE animal applications. 

With salmon frozen in the pipeline, Exem- 
plar’s piglets might skip to the front of the 
queue. “GE pigs for medical 


models could move more quickly because 
there's a strong need for them in the medical 
community,’ suggests David Edwards, director 
of animal biotechnology at the Biotechnology 
Industry Organization based in Washington 
DC. Although animal-rights advocates may 
object to disease-model pigs, Swart predicts 
that they will avoid intense public scrutiny 
because they aren’t meant to be eaten. 

Nonetheless, Swart is worried about the reg- 
ulatory process for ‘new animal drugs’ (NAD), 
which applies to all GE animals, whether 
they're bred to produce food, drugs or, in 
Swart’s case, disease. “The NAD process doesnt 
fit us real well, he says. When Swart asked the 
FDA how to demonstrate the requirement that 
his products are safe for human consumption, 
he says the FDA revised the rule: Exemplar 
must ensure that no unintended consequences 
befall the animals themselves. But Swart points 
out that diseases have variable symptoms. “We 
dont know much about these diseases, which 
is why we need a model.” 

While the pigs plod through the process one 
step at a time, a handful of investigators at US 
universities have already begun to study how 
diseases develop in the transgenic animals. 
Because the pigs aren't federally approved, 
Exemplar must track each pig from birth to 
beyond the grave. Ifa scientist in lowa sends 
tissue from one of the animals to a colleague in 
California, Exemplar knows. Moreover, with- 
out approval, Exemplar cannot promote the 
pig models for drug testing based on what the 
researchers find. 

Exemplar has repeatedly asked for an 
exemption from the NAD category, such as 
that granted to transgenic mice, but so far the 
FDA has not provided one. Although delays 
have nearly driven other GE animal compa- 
nies under, Swart calls the wait worthwhile 
if Exemplar’s pigs can help pharmaceuti- 

cal companies to predict whether a drug 
will work. “It’s critical to figure out how 
to do this right with the FDA,” he says. m 
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Fetal tests spur legal battle 


A newborn industry based on non-invasive genetic testing turns combative. 


BY ERIKA CHECK HAYDEN 


enetic tests that analyse fetal DNA from 
(|: pregnant womans blood are arriving 

ina rush, giving parents powerful tools 
for gleaning information about their unborn 
offspring. Three companies have launched ver- 
sions of such tests in the past 12 months, anda 
fourth plans to do so later this year. 

But the commercialization of these tests has 
brought a legal battle that could not only affect 
corporate profits, but also limit which patients 
will be able to access the tests and under what 
terms. The tangle of lawsuits may also offer a 
taste of future conflicts in the rapidly growing 
medical-genomics industry. 

“Ifa single company has a monopoly on the 
market, it will essentially be able to dictate the 
standard of care and the quality of care,’ says 
Mildred Cho, a bioethicist at the Stanford Uni- 
versity School of Medicine in California. 

The four firms are all based in California — 
Sequenom in San Diego, Ariosa Diagnostics 
in San Jose, and Verinata Health and Natera, 
both in Redwood City — and use similar tech- 
niques to identify fetal DNA in maternal blood 
samples. The tests can spot genetic abnormali- 
ties, such as those that cause Down's syndrome, 
as early as ten weeks after conception — sev- 
eral weeks sooner than tests already in use. 
In studies of women at high risk of carrying 
offspring with Down’s syndrome, the tests also 
produced fewer false positives. 

Patents are at the core of the conflict 
(see ‘Blood feuds’). Sequenom licensed the 
method for detection of cell-free fetal DNA 
in a mother’s bloodstream in 2005, and it now 
says that other companies are infringing this 
patent. 

In January this year, Sequenom filed a 
lawsuit against Ariosa (formerly Aria Diagnos- 
tics) for patent infringement, then requested a 
preliminary injunction to stop the company 
from using its test. As a result, Ariosa, Natera 
and Verinata (together with Stanford Univer- 
sity, which was involved in Verinata's patent) 
have all sued Sequenom, arguing that the slight 
differences in their testing methods mean that 
they are not infringing on the patent. 

This week, Judge Susan Illston of the US 
District Court of Northern California will hear 
arguments in Seque- 
nom’s lawsuit against 
Ariosa. On 29 June, she 
will conduct pre-trial 
meetings with lawyers 
for Natera, Verinata 
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and Sequenom. Decisions in the cases are not 
expected for many months. 

The lawsuits are driven by the promise of 
a lucrative market that is poised to become a 
routine part of prenatal care. Observers expect 
the advantages of the non-invasive tests to 
expand the pool of women who opt for pre- 
natal genetic screening in the United States 
each year from fewer than 100,000 to as many 
as 3 million. 


LUCRATIVE MARKET 

David Ferreiro, an investment banker at 
Oppenheimer based in New York, has esti- 
mated that the non-invasive prenatal-testing 
market could exceed US$1 billion a year. 
So far, sales volumes reported by Seque- 
nom — the only publicly traded company of 
the four — have “substantially exceeded expec- 
tations’, says Ferreiro. 

And the technology will probably become 
more powerful. Earlier this month, for exam- 
ple, a team of researchers at the University of 
Washington in Seattle announced that they 
had used non-invasive sequencing to read a 
whole fetal genome (J. O. Kitzman et al. Sci. 
Transl. Med. 4, 1371ra76; 2012). The reading 
of whole genomes could tell potential parents 
about a much wider range of genetic varia- 
tions. Because it covers non-medical traits and 
genetic variants not certain to cause disease, 
prenatal sequencing will also raise thorny ethi- 
cal issues. 

Although demand for prenatal testing is 
likely to increase, cost disparities have already 
made some of the tests unaffordable for low- 
income or uninsured women. At present, costs 
range from $795 (for Ariosa’s test) to $2,762 
(for Sequenoms, although out-of-pocket costs 
are capped at $235 for women who have health 
insurance). In California, Ariosa’s test is cov- 
ered by Medi-Cal — a state programme that 
pays for prenatal health care for low-income 
women — but Sequenom’s and Verinata’s tests 
are not. 

If one company were to have a monopoly on 
prenatal testing, it could dictate the price of the 
test, potentially pushing costs out of reach for 
government programmes such as Medi-Cal, 
which pays for 40% of the births in California 
each year, or Medicaid, which covers as many 
as 60% of the births in some states. Many 
potential parents would be affected. 

“The bigger policy issue is whether society 
should allow monopolies on medical practice, 
especially for medical technologies that ben- 
efited from public funding,” Cho says. m 
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BLOOD FEUDS 


A spate of prenatal DNA tests has 
brought with it a host of legal disputes. 
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Scientists now know that the deadly bird 
flu virus is capable of causing a human 
pandemic. That makes tackling the 
remaining unknowns all the more urgent. 


he biology of the H5N1 avian influenza virus is rife with paradoxes. The virus is 
widespread, but hard to detect. It kills more than half of the people known to be infected, 
but thousands of those exposed have no apparent problems. It seems to be just a few 
mutations away from gaining the ability to spread from person to person, but despite 
more than 16 years of fast-paced evolution, it has failed to do so. 

This week saw the publication of the second of two papers identifying mutations that give 
H5N1 the ability to spread through the air between ferrets. The papers, the latest’ from a group 
led by Ron Fouchier at the Erasmus Medical Center in Rotterdam, the Netherlands, and the 
earlier one’ by Yoshihiro Kawaoka at the University of Wisconsin- Madison and his colleagues, 
have been controversial because they offer what some see as a recipe for disaster — that they 
increase the risk of accidental or intentional release of a deadly human pathogen. But what is 
most unsettling about them, say many in the flu community, is the evidence they provide that 
the wild virus could spark a pandemic on its own. That threat makes the outstanding scien- 
tific mysteries about this tiny RNA virus — its genome just 14,000 letters long — even more 
pressing. Here are five of the biggest puzzles, and what researchers are doing to solve them. 


WHY IS IT SO SUCCESSFUL? 
H5N1 influenza gets its name 
from the combination of two 
proteins on its surface: haemag- 
glutinin (HA) and neuranimi- 
dase. But there are many different strains 
of H5N1. The highly pathogenic strain 
that has grabbed headlines for more than a 
decade was first identified in 1996. Called 
Gs/Gd because it was found in domestic 
geese in China’s Guangdong province, it 
is “totally different to any avian influenza 
virus in the past”, says Robert Webster, a 
virologist at St Jude Children’s Research 
Hospital in Memphis, Tennessee. Most 
avian influenza viruses ride harmlessly 
aboard wild fowl, occasionally flaring into 
lethal but short-lived outbreaks in domes- 
tic birds. The Gs/Gd lineage, however, has 
jumped back from poultry into wild fowl. 
It also infects mammals, including humans, 


© 2012 Macmillan Publishers Limited. All rights reserved 


tigers, pikas, civets and more. It has spread to 
63 countries, and is endemic in bird popula- 
tions in six of them. 

“What is so special about this virus that 
allows it to spread through the animal world 
so effectively?” asks Jeremy Farrar, a tropi- 
cal-medicine specialist at the University of 
Oxford, UK. There are no firm answers. 

China’s crowded farms and markets, 
which offer a smorgasbord of potential 
hosts, might have selected for viruses that 
are adept at crossing the species barrier. The 
virus evolved quickly in 1999 and 2000, its 
family tree sprouting many new branches 
after efforts to stamp it out among domestic 
birds failed. During this time, one clade of 
the Gs/Gd lineage, known as 2.2, picked up 
a mutation in PB2, one of three polymerase 
genes that allow the virus to copy its genome. 
The mutation is widely considered to be an 
adaptation to mammalian hosts. 


In 2002, for reasons that are still unclear, 
the viruses started hopping back into 
wild birds and killing them. At first, there 
were just a few isolated deaths, but in May 
2005, clade 2.2 viruses killed more than 
6,000 geese, gulls and ducks at Qinghai Lake 
— China's largest lake, and a major breed- 
ing spot for migratory birds. This outbreak 
heralded the start of a global tour in which 
the virus spread through bird trade and wild 
migrations to the rest of Asia, Europe and 
Africa. Vaccination controlled the virus 
in Hong Kong and Vietnam, but where 
applied haphazardly, it has helped to speed 
up the virus’s evolution. In Egypt, it led to 
the birth of several new sub-clades’, and 
the country has had more new human cases 
than any other nation every year since 2009. 

There is some good news: infections in 
wild birds have fallen sharply since 2006. 
But even as old lineages wane, new ones 
arise, such as clade 2.3.2.1, which has swept 
through poultry in Asia since early 2011. 
“That's the one that is of great concern to 
me, says Webster. “It seems to be becoming 
dominant and it goes into wild birds readily.” 
H5N1 may be evolving faster than our ability 
to understand it. 


WHEREIS IT NOW? 

H5N1 seems to be both every- 

where and nowhere at the same 

time, making it hard to predict 

when, where and whether it will 
bloom into a human pandemic. 

Wild birds carry H5N1, but the virus can 
be hard to detect because very few become 
ill. No one knows how widespread it is in 
humans, either. As of 7 June, the World 
Health Organization had counted 606 H5N1 
infections in humans, 357 of them fatal. 
Many think that the real number is much 
larger, which would mean that the death 
rate would be much lower than 60%. Peter 
Palese, a virologist at Mount Sinai School of 
Medicine in New York, looked at a number 
of studies that had found evidence of H5N1 
infection in the blood of healthy people. He 
estimates that 1-2% of people in populations 
exposed to the virus become infected, but 
most have only mild or no symptoms’. 

Palese’s arguments are controversial. 
Farrar, who has treated patients in Asia, 
says that most of the cases he has seen have 
been severe. “If many mild infections were 
occurring, wed expect to see some less severe 
patients in hospital, given the heightened 
awareness in the public and the medical 
profession,” he says. 

Underlying the debate about the infection 
rate is a poor understanding of how the 
immune system responds to the virus. 
People who become infected produce anti- 
bodies and T cells that recognize the virus, 
but no one knows how these responses rise 


and fall over time, or how they manifest in 
people who show no symptoms. The signals 
could also be false alarms. “If you go into 
henhouses every day to clean up bird drop- 
pings that are loaded with virus antigen, you 
may get an antibody response without being 
infected, says Fouchier. More thorough sur- 
veillance of suspected cases will be needed 
to resolve the debate about how often peo- 
ple are infected, says Fouchier. Farrar adds 
that to understand how immune responses 
change over time, such studies will have to 
be done over several years. Many research- 
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The result, a cytokine ‘storny that floods the 
lungs with fluid and fatally damages sur- 
rounding tissues, is often what kills people. 
H5N1 triggers a more extensive storm than 
the human flu viruses H1N1 or H3N2 (ref. 5). 

These factors may explain the severity of 
recorded cases, but not why infections are so 
rare. “Why is it that there are tens of thou- 
sands of kids running around playing with 
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ers have called for better surveillance of 
domesticated and wild animals, too. 

To Ilaria Capua, a veterinary virologist at 
the Experimental Animal Health Care Insti- 
tute of Venice in Legnaro, Italy, the distribu- 
tion of H5N1 is the most important issue, 
and the hardest to work out. “Any prediction 
about whether this virus will go pandemic 
is a function of where it is, how much of it 
there is and how possible the human-animal 
contacts are. But there are big black holes of 
information.” 


HOW DOES IT KILL? 

Bit by bit, scientists are teasing 

out the genetic factors that make 

H5N1 so deadly. The virus has 

several mutations in its three 
polymerase genes that allow it to replicate 
aggressively, and patients who die carry the 
highest levels of viral RNA. Certain changes 
to HA, which codes for a protein that latches 
onto host cells, also allow the virus to infect 
tissues beyond the lungs and gut, including 
the brain. This all-access pass helps the virus 
to kill ferrets, mice and birds, but it is appar- 
ently less important in primates. “In humans, 
it still looks predominantly like a respiratory 
disease kills the patients,” says Malik Peiris, 
a clinical virologist from the University of 
Hong Kong. Autopsies might paint a clearer 
picture, but Peiris says that these are rarely 
allowed in Asia because of cultural demands 
for whole-body burials. 

H5N1 also drives the immune system ber- 
serk. Immune cells flock to sites of infection 
and produce inflammatory chemicals called 
cytokines, which attract more immune cells. 
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sick chickens, but we've only had 600 infec- 
tions over nine years?” asks immunologist 
Anthony Fauci, who heads the National 
Institute of Allergy and Infectious Diseases 
in Bethesda, Maryland. 

Palese suspects that the severe cases have 
simply inhaled high doses of the virus. But 
Peiris says that this cannot be the sole expla- 
nation. “Infection and disease are not directly 
proportional to exposure. Ninety-nine point 
nine per cent of the people who are massively 
exposed don't have disease, and don't have 
antibodies in their blood. But in people who 
get sick, the virus replicates like crazy-” 

Notably, cases are often clustered within 
families, specifically blood relatives. These 
people might be genetically susceptible 
to H5N1 infection, or others may have 
genetic variants that protect them. Iden- 
tifying such variants will be hard because 
fewer than 300 people around the world 
have survived the infection, but studies are 
starting to reveal clues. 

A few months ago, a group from the 
Wellcome Trust Sanger Institute in Hinx- 
ton, UK, found that the gene IFITM3 plays 
a pivotal part in responses to some flu 
infections®. One variant of the gene, which 
encodes a stunted protein, was overrepre- 
sented in people who had been hospitalized 
with pandemic and seasonal flu strains, 
and even a mild H3N2 virus ran amok in 
the lungs of mice that lacked the gene’®. Far- 
rar has just completed a similar study, of 
67 Asian patients who had been hospitalized 
with H5N1. The results, which have been 
submitted for publication, identify variants 
in two other genes that seem to confer sus- 
ceptibility to the virus. 
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WILL IT BECOME 

TRANSMISSIBLE IN 

HUMANS? 

So far, people seem to catch 

H5N1 only through close 
contact with infected birds. To spread from 
person to person, the virus would have to 
become transmissible through airborne 
droplets. The two papers just published’* 
have shown that that is possible. 

Fouchier’s strategy was to tweak HA so 
that its protein recognized receptors in the 
upper airways of mammals rather than 
those on the surface of bird cells’. He then 
allowed the virus to pass between ferrets 
until it evolved such that it started spreading 
through coughs and sneezes. Kawaoka took 
a similar approach’, but he fused a mutated 
HA from H5N1 with other genes from a 
2009 pandemic H1N1 strain. “In principle, 
H5NI1 can become airborne,” says Fouchier. 
“The critical question is whether it will” 

One of the biggest questions about H5N1 
is why it hasn't become transmissible after 
circulating for so many years — but no-one 
has a good answer. Many of the mutations 
that Fouchier and Kawaoka identified are 
already found in the wild. By searching sur- 
veillance databases, Derek Smith, a bioinfor- 
matician from the University of Cambridge, 
UK, found that many wild clades are already 
two to four mutations away from the sets 
that Fouchier and Kawaoka identified’. 

Smith was unable to determine the actual 
risk because surveillance data masks the 
genetic diversity of the virus. H5N1 repro- 
duces with errors, so any one patient carries 
a swarm of viruses with subtle genetic differ- 
ences. The databases contain just the ‘con- 
sensus’ sequence, essentially a mash-up of 
the most common variant at every position 
in the genome. Only deeper sequencing, in 
which each position is read many times over, 
will reveal all the variants. 

Even if the same combination of HA 
mutations that Fouchier and Kawaoka 
identified arises naturally, no one knows 
whether the resultant viruses would spread 
between humans as easily as they do 
between ferrets in the lab. It is also not clear 
how H5N1’s other genes contribute to trans- 
missibility, or whether different combina- 
tions of mutations would achieve the same 
effect. “These guys have only scratched the 
surface,” says Webster. 
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Fouchier and Kawaoka say that the value 
of their work lies in identifying the physical 
traits that make H5N1 transmissible. Some 
mutations allowed HA to recognize mam- 
malian receptors, whereas others stabilized 
the protein. “Ifyou take those traits, can you 
then make any flu virus go airborne?” asks 
Fouchier. The virulence of a transmissible 
strain is another unknown. One hypoth- 
esis suggests that as transmissibility goes 
up, virulence will become muted. An air- 
borne H5N1 might recognize receptors in 
the upper airways, for example, but be less 
likely to descend into the lungs to cause the 
extensive damage inflicted by wild strains. 
“Theoretically, one could imagine such a 
scenario, says Pereis. “But I wouldnt want 
to stake my life on it” 

Fouchier and Kawaoka’s mutant viruses 
caused milder disease in ferrets than their 
wild counterparts do, but both men note that 
such comparisons are misleading because 
wild H5N1 has to be administered to the 
animals directly, which can introduce high 
doses deep within the lungs. And, Kawaoka 
notes, transmissible strains do not have to 
have a fatality rate of 60% to kill millions of 
people: the HIN1 pandemic of 1918 hada 
mortality rate of 2.5%, yet claimed around 
50 million lives. 


WHAT ELSE COULD 

CAUSE A PANDEMIC? 

The Gs/Gd strain is what is 

known as a reassortant. It was 

born from a flu version of sex, in 
which different viruses infecting the same cell 
swap genes, and it probably includes genes 
from the H6N1 and H9N2 viruses®. Since 
then, H5N1’s descendants have swapped 
genes mostly with each other. “H5N1 is not 
very sexually promiscuous,’ says Capua. “It 
likes to reassort within its own lineage.” But 
the H1N1 strain responsible for the 2009 
pandemic could shake H5N1 from its insu- 
larity. That strain is itself a cocktail of genes 
from swine H1N1, avian H1N1 and human 
H3N2 and includes a set of genes called the 
triple-reassortant internal gene (TRIG) cas- 
sette, which seems to make flu viruses more 
prone to reassortment. “That virus loves to 
mate,’ says Webster. 

Kawaoka’s team has shown that the two 

viruses are compatible, and will reassort 
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spontaneously when they infect the same 
cells’. This is made more likely by their 
shared ability to infect pigs. Furthermore, 
Stacey Schultz-Cherry, a virologist at St 
Jude Children’s Research Hospital, has 
found that reassortant viruses contain- 
ing HA from H5N1 and other genes from 
pandemic H1N1 are better at replicating in 
human lung cells than either parent is, and 
that they become more virulent after a few 
rounds of replication”. 

Wendy Barclay, a virologist at Imperial 
College London, cautions that although these 
experiments reveal that reassortment is pos- 
sible, they do not quantify the odds that it will 
happen. “If you force the event, it'll happen, 
but I haven't seen anyone do the experiment 
in a more natural way,’ she says. That would 
involve housing uninfected pigs with ones 
carrying pandemic H1N1, and poultry car- 
rying H5N1. “Do they catch both viruses and 
do the viruses mix up?” asks Barclay. “It's an 
unknown and a pretty important one.” 

The upside of an HSN1-HIN1 reassor- 
tant is that many people have already been 
infected with HIN] and so might have some 
immunity. But few people have encountered 
any of the flu viruses that circulate in birds. 
“T think the great worry is that a purely avian 
virus somehow crosses over to us,” says Far- 
rar. H5N1 tops the list of concerns because 
of the severe nature of the known infections, 
but other subtypes could escalate into pan- 
demics first. 

“H9ON2 may be an equally plausible pan- 
demic candidate,’ says Peiris. It generally goes 
unnoticed, but has hunkered down among 
Asia's poultry, caused occasional outbreaks 
in humans and can reassort with seasonal 
flu. Some strains already have mutations that 
are associated with greater transmissibility 
in mammals. H7N7 is similarly widespread 
and under-reported. In 2003, it flared up in 
the Netherlands, infecting 89 people and kill- 
ing a veterinarian. Virologists hope that by 
understanding the secrets that allow H5N1 to 
spread and kill, they are in a better position to 
assess the risk posed by other subtypes. “With 


> 


flu, nothing is predictable; says Capua. m 


Ed Yong is a freelance writer based in 
London and author of the blog ‘Not Exactly 
Rocket Science’. 
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REWRITING 
EVOLUTION 


Tiny molecules called microRNAs are tearing apart 
traditional ideas about the animal family tree. 


evin Peterson grabs a pen and starts 

to scribble an evolutionary tree on the 

paper tablecloth of a bar in Hanover, 

New Hampshire. Drawing upside down 

to make it easier for me to see, he maps 

out the standard phylogenetic tale for 
placental mammals. First, Peterson scratches 
a line leading to elephants, which branched 
away from the rest of the placentals around 
90 million years ago. Then came dogs, followed 
by primates (including humans) and finally 
rodents — all within a frenetic 20 million 
years. This family tree is backed up by reams 
of genomic and morphological data, and is well 
accepted by the palaeontological community. 
Yet, says Peterson, the tree is all wrong. 

A molecular palaeobiologist at nearby 
Dartmouth College, Peterson has been reshap- 
ing phylogenetic trees for the past few years, 
ever since he pioneered a technique that uses 
short molecules called microRNAs to work out 
evolutionary branchings. He has now sketched 
out a radically different diagram for mammals: 
one that aligns humans more closely with ele- 
phants than with rodents. 

“T’ve looked at thousands of microRNA 
genes, and I cant find a single example that 
would support the traditional tree,” he says. 
The technique “just changes everything about 
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our understanding of mammal evolution” 
Peterson didn't set out to rewrite textbooks. 
A mild-mannered but straight-talking 
Montanan, Peterson had made a quiet career 
studying how bilateral body plans originated 
more than 500 million years ago. He hasa par- 
ticular interest in marine invertebrates and had 
intended to stick with that relatively obscure 
branch of the animal tree. But a chance investi- 
gation of microRNAs in microscopic creatures 
called rotifers led him to examine these regula- 
tory molecules in everything from insects to 
sea urchins. And as he continues to look, he 
keeps uncovering problems, from the base of 
the animal tree all the way up to its crown. 
That has won him many critics, but also 
some strong supporters. “Peterson and his col- 
leagues have demonstrated that microRNAs 
are a powerful tool in determining the rela- 
tionships of major animal groups,’ says Derek 
Briggs, director of the Yale Peabody Museum 
of Natural History in New Haven, Connecticut. 
Now, together with his colleagues around 
the world, Peterson 
is putting it all on the 
line with mammals. 
“If we get this wrong, 
all faith that anyone 
has in microRNAs 
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[for phylogenetics] will be lost,” says Philip 
Donoghue, a palaeobiologist at the University 
of Bristol, UK, who has teamed up with Peter- 
son. And there is more at stake than just the 
technique. “It could well be the end of all our 
careers,’ he says. 


FOSSIL FIND 
If Peterson does end up switching careers, it 
wont be the first time. In the early 1990s, he 
was working the night shift unloading trucks at 
a freight company in his hometown of Helena, 
Montana, trying to figure out what to do with 
his life. He had recently graduated with a pre- 
medical degree from a local liberal arts college, 
but he knew he didn’t want to become a doctor. 
Then, rummaging in his parents’ barn, he hap- 
pened on the first fossil he had ever collected, as 
a four-year-old: a crinoid, or sea lily, about the 
size of a button. “After I found it, I knew right 
away that this was what I wanted to do,’ he says. 
“L applied to graduate school the next week.” 
He soon enrolled in a PhD programme in 
the Department of Earth and Space Sciences 
at the University of California, Los Angeles. 
There, he teamed up with developmen- 
tal geneticists Eric Davidson and Andrew 
Cameron at the California Institute of Tech- 
nology in Pasadena, and over the course of his 
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Kevin Peterson has kicked many mammals, including the Alaskan Brown Bear, off their traditional perch on the evolutionary tree. 


graduate and postdoctoral work the three men 
developed a provocative idea, dubbed the set- 
aside cell hypothesis’. They posited that the 
ancestor of modern-day animals was a larva- 
like creature containing a group of undiffer- 
entiated cells that retained the capacity to give 
rise to the spectrum of adult body types seen 
during the Cambrian explosion. The idea sub- 
sequently came under fire from the evolution- 
ary and developmental-biology communities. 

A few years after moving to Dartmouth in 
2000 to start his own lab, Peterson was look- 
ing for a way to test the hypothesis when he 
became intrigued with microRNAs. First dis- 
covered in 1993 by Victor Ambros, now at the 
University of Massachusetts Medical School in 
Worcester, these short, hairpin-shaped mol- 
ecules bind to messenger RNAs and stop them 
from making proteins. A team that included 
Davidson had shown that a microRNA called 
let-7 was present in animal lineages that had 
bilateral body plans but not in simpler organ- 
isms suchas jellyfish and sponges’, hinting that 
microRNAs could hold the secret to morpho- 
logical complexity. 

Peterson teamed up with Lorenzo Sempere, 
then a graduate student working with Ambros 
at Dartmouth, and the pair began to search 
for let-7 and a handful of other microRNAs 


in relatively simple invertebrates, including 
rotifers, and in more complex creatures. As 
they added more microRNAs, they found a 
clear pattern: the farther away from the trunk 
of the evolutionary tree the animals were, the 
more microRNAs they had accumulated’. 
The pair started to realize that the molecules 
provided “a brand new way to do phylogeny, 
using a set of rare genomic characters that no 
one had ever considered before’, Peterson says. 


“IT COULD WELL BE THE 
END OF ALL OUR CAREERS.” 


MicroRNAs, Peterson and Sempere 
discovered, are unlike any of the other 
molecular metrics that biologists typically 
use to tease apart evolutionary relationships. 
DNA binding sites, for example, continuously 
mutate; microRNAs, by contrast, are either 
there or they arent, so their interpretation 
doesn’t require such complex sequence and 
alignment analyses. And once gained, micro- 
RNAs usually remain functional, which 
means that their signal stays intact for hun- 
dreds of millions of years. “No gene family 
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was known to evolve in this way,’ Peterson 
says. In addition, these small molecules are 
often expressed in specific tissues and help to 
regulate the development of certain organs, so 
they could explain the origin of morphologi- 
cal innovations over geological time’. 

According to Peterson’s latest tally, 
778 microRNA families have arisen during the 
600 million or so years of animal evolution, and 
only 48 have been lost. This pattern of inherit- 
ance leaves an easy-to-follow evolutionary trail 
for phylogenetic sleuths. Eugene Berezikov, 
a geneticist who studies microRNAs at the 
Hubrecht Institute in Utrecht, the Netherlands, 
says that microRNAs give a clearer answer than 
other molecular markers of evolution “because 
the analysis is much simpler”. 


OUT OF OBSCURITY 

At first, Peterson and Sempere had a tough 
time publishing their results suggesting 
that animals had accumulated regulatory 
microRNAs. “One of the reviewers said it was 
impossible, what we were describing,” says 
Peterson. In the end, the work was published 
in a specialized zoology journal’. Subsequent 
papers, however, won over some sceptics and 
Peterson was soon publishing in Nature and 
Science, and using his growing microRNA 
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library to resolve relationships within and 
between an assortment of evolutionary line- 
ages, from jawless fishes’ and reptiles’ to fruit- 
flies’ and acoelomorph worms". 

“Tt is a really clever and fresh approach to 
phylogeny,” says Peter Stadler, an evolutionary 
bioinformatician at the University of Leipzig 
in Germany. “I don’t quite know why pres- 
ence/absence of microRNAs is not used more 
frequently in deep phylogeny 
approaches.” 

Still, not everyone is con- 
vinced that microRNA genes 
trump other types of phylo- 
genetic data. A key point 
of contention is whether 
microRNAs only rarely drop 
out of the genome, as Peter- 
son contends. Andreas Hejnol, 
who studies invertebrate evo- 
lution at the Sars International 
Centre for Marine Molecular 
Biology in Bergen, Norway, is 
sceptical. “MicroRNAs behave 
like other genes — namely, 
they can be lost,” he says. 
“There's no special mystery 
about them.” Travis Glenn, 
an evolutionary biologist at 
the University of Georgia in 
Athens, agrees, saying that 
microRNA losses are prob- 
ably underestimated. In May, 
he and his colleagues pub- 
lished a retort’ to a paper® in 
which Peterson had argued 
that turtles are more closely related to lizards 
than to birds and crocodiles — the opposite 
of what most genomic data sets had indicated. 
Glenn argued that ultraconserved DNA ele- 
ments — ones that evolution has kept intact 
over a long time — show that the conventional 
view is correct. 

The critics have mostly been a vocal minority, 
but as Peterson climbs up the evolutionary lad- 
der with his microRNA analyses, he will be 
reaching a much bigger audience — and the 
detractors are likely to become a lot louder. 
“We're mammals, so this matters,” he says. 


UP A TREE 
When Peterson started his work on the 
placental phylogeny, he had originally intended 
to validate the traditional mammal tree, not 
chop it down. As he was experimenting with 
his growing microRNA library, he applied it to 
mammals because their tree was so well estab- 
lished that they seemed an ideal test. Alas, the 
data didn’t cooperate. If the traditional tree 
was correct, then an unprecedented number of 
microRNA genes would have to have been lost, 
and Peterson considers that highly unlikely. 
“The microRNAs are totally unambiguous,” 
he says, “but they give a totally different tree 
from what everyone else wants.” 

The results change the image of the 


462 | NATURE | VOL 486 | 28 JUNE 2012 


In the traditional evolutionary 
tree for placental mammals, 
the lineage that includes 
elephants branches off first, 
and humans are closer to 
rabbits and rodents. 


proto-placental mammal. Because microRNAs 
place mice and rats at the base of the placental 
tree, they suggest that rodent-like traits, such 
as continuously growing incisor teeth, were 
common in the first placentals, then lost in the 
lineage that leads to primates, elephants, dogs 
and cows (see ‘Duelling trees’). The findings 
also shift the geographical origin of placental 
mammals, suggesting that they started in the 


DUELLING TREES 


dogs and cows. 


Northern Hemisphere, where the first rodent 
fossils are found, not in the Southern Hemi- 
sphere, as many researchers have assumed on 
the basis of fossil and DNA data. 

At first, Peterson was shocked by his results, 
which still haven't been published. But he has 
spent the past year validating his tree with gene- 
expression libraries and genomic sequences, all 
of which he says support his findings. 

Many supporters of the traditional tree 
suspect that something peculiar is happening 
with the microRNAs — probably large losses 
in the mammalian lineage. “He's talking about 
the entire genome that has to be wrong,” says 
Robert Asher, a mammalian palaeontolo- 
gist at the University of Cambridge, UK. “I 
don’t give it any serious consideration,” says 
Mark Springer, a molecular phylogeneticist at 
the University of California, Riverside, who 
last year published the most comprehensive 
genomic data set so far in support of the tra- 
ditional mammalian tree’’. “There have to be 
other explanations,” he says. 

Peterson and his team are now going back to 
mammalian genomes to investigate why DNA 
and microRNAs give such different evolution- 
ary trajectories. “What we knowat this stage is 
that we do have a very serious incongruence,” 
says Davide Pisani, a phylogeneticist at the 
National University of Ireland in Maynooth, 
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Kevin Peterson’s analysis of 
microRNAs produces a different 
tree, which has rodents splitting 
away first, and humans more 
closely related to elephants, 


who is collaborating on the project. “It looks 
like either the mammal microRNAs evolved 
in a totally different way or the traditional 
topology is wrong. We don't know yet” 

Hoping to resolve the issue, Donoghue 
and phylogeneticist Ziheng Yang at Univer- 
sity College London have spent the past year 
amassing DNA sequences that span more 
than 14,600 genes from 36 mammalian spe- 
cies — a data set that dwarfs 
the one used by Springer. 
They are trying to determine 
whether the larger crop of 
DNA data produces the same 
tree as microRNAs yield. They 
have been able to date the ori- 
gin and diversification of pla- 
cental mammals", but they are 
still working to resolve which 
lineages branched off first — a 
key test for the phylogenies. 

Peterson would like to put 
it all behind him. “What sucks 
about this mammal project is 
that it’s all-consuming,” he 
says. “Ultimately, I don't really 
care how mammals are related 
to one another — it doesn't 
matter to me. But what does 
matter is the validity of the 
data set.” 

If it turns out that the 
traditional mammal tree is 
right, Peterson wont see that 
result as a defeat for micro- 
RNAs. It would just mean 
that something odd happened with mamma- 
lian microRNAs, he says. “That says some- 
thing really interesting about the evolution 
of microRNAs and the construction of gene 
regulatory networks in mammalian evolution” 

For now, he’s trying to amass the best 
evidence he can before publishing the mam- 
mal study. Then he wants to return to the quiet 
life of an ancient-invertebrate biologist. But if 
Peterson's voyage upends the mammalian phy- 
logeny, he'll have left a furry mess in his wake. m 


Elie Dolgin is a news editor with Nature 
Medicine in Cambridge, Massachusetts. 
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Cyanobacteria cover the Baltic Sea in green slime, spurred by flows of nitrogen and phosphorous. 


Save the 
Baltic Sea 


Geoengineering efforts to bring oxygen into the deep 
Baltic should be abandoned, says Daniel J. Conley. 
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Nobel biophysicist 
Andrew Fielding Huxley, 
remembered p.474 


he Baltic Sea holds the world’s largest 
"Tianna dead zone: a body 

of water that has all the symptoms of 
nutrient overload and oxygen deprivation. 
Dumping from sewage-treatment plants, 
farming and industry has poured about 
20 million tonnes of nitrogen and 2 million 
tonnes of phosphorus into the Baltic over the 
past 50 years’, spurring algal blooms. 

In summer, cyanobacteria cover the 
beaches in green slime. As these blooms 
die, they fall to the sea floor and decay, 
using up available oxygen in the process. 
The oxygen-deprived bottom waters can no 
longer support higher forms of life, and the 
viable habitat for fish such as cod is greatly 
reduced. Over the past decade, an average 
of 60,000 square kilometres of the Baltic Sea 
has been ‘hypoxic’ each year: lacking enough 
oxygen to support its normal ecosystem. 

Several large-scale geoengineering inter- 
ventions have been proposed as solutions 
to this problem. Such radical remediation 
measures promise impressive improve- 
ments in water quality on short timescales. 
They are popular in the media and politically 
attractive. But they could also be dangerous. 
We should not let such schemes detract from 
the action plan that is already in place to 
reduce nutrient flows into the Baltic. Mod- 
els predict that this plan will greatly reduce 
hypoxia (see ‘Breathing life into the Baltic). 


STIFLED SEAS 
The problem of hypoxic waters is on the 
rise around the globe. Climate warming is 
likely to exacerbate matters — warmer tem- 
peratures speed up algal decomposition and 
reduce the rate at which oxygen from the air 
seeps into ocean surface waters”. Low oxygen 
levels kill sea-floor organisms and change 
how elements cycle through the system. In 
hypoxic conditions, the phosphorus-bearing 
iron oxyhydroxides in sediments dissolve, 
increasing the release of phosphate into the 
water. At the same time, low oxygen inhib- 
its denitrifying bacteria in the sediments, 
boosting nitrogen levels. The net effect is an 
excess of phosphorous, which fuels nitro- 
gen-fixing cyanobacteria and algal blooms. 
These decay and lead to ever more hypoxia 
— a vicious circle. 

One potential countermeasure entails 
using pumps to mix the water®. This comes 
with significant challenges. About 
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> 100 pumping stations would be needed 
throughout the Baltic to transport oxygen- 
rich water from a depth of about 50 metres 
to a depth of 125m, and the pumps must 
remain operational for several decades. 
This is projected to cost at least €200 mil- 
lion (US$254 million). 

The problem lies in the volumes involved. 
It has been estimated* that between 2 mil- 
lion and 6 million tonnes of oxygen would 
be required to keep the bottom waters of 
the Baltic Sea at a level above 2 milligrams 
of oxygen per litre — the limit for hypoxia. 
Theoretically, renewable energy sources such 
as wind power could be used to drive the 
required pumps at sea’. But pumping would 
also move less-salty water from the surface to 
deeper regions, potentially interfering with 
natural patterns of water circulation and the 
reproductive success of some fish species. 


WARMED WATERS 

In 2009, the Swedish government spent 
30 million Swedish kronor (US$3.8 million) 
investigating this pumping option. Recent 
reports from those pilot studies show that 
the experiments were able to add oxygen 
(see go.nature.com/gqx2kq). However, 
some of the effect was counterbalanced by 
increases in water temperature, which can 
lower oxygen levels by spurring the metabo- 
lism of microbes in sediment. Bottom waters 
warmed as much as 8°C at a test site in the 
coastal waters of Finland, for example. The 
raised temperatures also increased levels of 
ammonium, which can stimulate the growth 
of harmful algae. 

In western Sweden, the pumping dis- 
turbed the layers of varying salinity in a deep 
fjord, altering water turnover and circulation 
patterns (see go.nature.com/gqx2kq). So far, 
these projects have been evaluated mostly by 
proponents of geoengineering. They must 
be subjected to unbiased, thorough scrutiny. 

A second geoengineering approach, 
currently being trialled on a local scale in 
Swedish coastal waters, is the addition of 
chemicals to bind phosphorus in sediments. 
Tests are being carried out in the Stockholm 
archipelago using polyaluminium chloride’, 
which is used in the treatment of waste water 
and drinking water. A small-scale field test 
was successfully conducted in 2011 for a few 
months, and the research group has received 
a permit from the regional government for a 
larger experiment. 

Most tests of this technique have been 
confined to small lakes because of the cost 
of the chemicals. It is hard to know whether 
it will work in salty environments, how long 
the aluminium-bound phosphorus will stay 
buried in sediments, or what the effects might 
be on water acidity. Large-scale implementa- 
tion in the Baltic Sea would have to abide by 
the 1972 Convention on the Prevention of 
Marine Pollution by Dumping of Wastes and 
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BREATHING LIFE INTO THE BALTIC 


Models predict that the action plan to reduce nutrients that flow into the 
Baltic Sea should be effective at increasing oxygen levels in the water. 
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Other Matter (the London Convention). This 
legal framework prevents the use of iron to 
sequester carbon dioxide in the oceans. 

Rapid oxygenation of deep waters by any 
mechanism carries the risk of releasing a 
different toxic problem on the Baltic. Waters 
that are rich in oxygen can attract and sup- 
port some species, such as deep-digging 
worms, that physically mix the sediment. 
This, in turn, can release old contaminants, 
such as polychlorinated biphenyl and DDT 
(dichlorodiphenyltrichloroethane), that 
are currently locked away under the Baltic. 
Thorough risk analyses of these issues have 
not been completed. 

Yet geoengineering schemes are moving 
forwards. For example, the Oslo-based com- 
pany Inocean announced plans to build a 
demonstration wind-driven pump in the 
southern Baltic Sea. This project, led by 
oceanographer Anders Stigebrandt of the 
University of Gothenburg in Sweden, received 
2 million Swedish kronor ($288,000) in fund- 
ing from the Swedish Agency for Marine and 
Water Management in Gothenburg this May, 
with co-funding from the Nordic Investment 
Bank and the Nordic Environment Finance 
Corporation, both headquartered in Helsinki. 
Stigebrandt stresses that full environmental 
impact studies will be carried out before the 
project begins. 

A better, more cost-effective solution 
is to attack the root of the problem: excess 
nutrients. The nine countries that border the 
Baltic Sea have worked hard to reduce 
nutrient flows through the Baltic Marine 
Environmental Protection Commission 
in Helsinki — also known as the Helsinki 
Commission — and, since 2008, through the 
European Union's Marine Strategy Frame- 
work Directive. Flows of both nitrogen and 
phosphorus into the Baltic have fallen since 
their peaks in the 1980s, mostly because 
of improved treatment of municipal waste 
water and reduced discharges from industry. 

Phosphorus inputs have dropped by 
about 30,000 tonnes per year (a 40% 
reduction from peak loads), and nitrogen 
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by about 400,000 tonnes per year (a 30% 
reduction). The ambitious Baltic Sea Action 
Plan (BSAP), signed in 2007 by nations sur- 
rounding the Baltic, agrees to cut phospho- 
rus and nitrogen inputs further, by about 
42% and 18% from present levels, respec- 
tively, by 2016. The goal is to achieve “good 
ecological status” for the marine environ- 
ment by 2021. 

Such action is needed to improve water 
quality and ecosystem health. Despite cur- 
rent efforts, measurements of water quality 
have so far shown only small improve- 
ments, and the area of hypoxia continues 
to increase. Models predict that, with time, 
the BSAP should be able to reduce the 
hypoxic area — as long as nutrients con- 
tinue to be reduced as planned. It is vital 
that this happens. 

The Baltic Sea is on the path toa healthier 
state. It would be a shame if high-profile 
geoengineering projects were to divert funds 
or attention from the BSAP. Yet that could 
happen. The Swedish marine agency has said 
that its funding for the pilot mixing project 
in the southern Baltic should help Sweden to 
meet its BSAP requirements. Creative think- 
ing and technology area vital part of the mix. 
But they should be directed at reducing land- 
based sources of nutrients into the Baltic Sea, 
not at expensive and potentially harmful 
schemes to engineer a solution. m 


Daniel J. Conley is a professor at the 
GeoBiosphere Science Centre, Department 
of Geology, Lund University, Sweden. 
e-mail: daniel.conley@geol.lu.se 
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Pork production has risen steadily in Denmark, despite a voluntary halt to using antibiotics to boost growth. 


Get pigs off antibiotics 


Frank Aarestrup explains how he helped Denmark to cut the use of antibiotics in 
its livestock by 60%, and calls on the rest of the world to follow suit. 


Ti amount of antibiotics consumed by 
livestock worldwide is almost double 
that used by humans, according to 
some estimates’. In the United States, for 
instance, about 300 milligrams of antibiotics 
are used to produce every kilogram of meat 
and eggs“. These drugs are administered not 
just to treat or to prevent infections. In many 
countries, they are used to help the animals 
to grow faster. This is an unsustainable situa- 
tion. Since many farmers began giving anti- 
biotics to livestock in the late 1940s, people 
have been infected with strains of bacteria 
that are resistant to those antibiotics’*” . 

To try to combat this dangerous trend, 
the European Union banned the use of anti- 
biotics for growth in livestock in 2006. The 
practice continues unabated in the United 
States, despite a statement from the Food 
and Drug Administration in April suggest- 
ing that farmers should stop voluntarily’. 

Some argue that, without antibiotics, the 
agricultural industry will collapse. My expe- 
rience in Denmark proves otherwise. The 
country is the world’s largest exporter of pork, 
exporting 90% of all it produces, and it did 
much more than ban the use of antibiotics 
for growth. It reduced their usage overall and 
built a comprehensive surveillance system to 
track and target overuse. It also prohibited 
veterinarians from profiting from the sale of 


drugs to farmers — a practice that continues 
in the United States and in much of Europe. 

Since the mid-1990s in Denmark, the use of 
antimicrobial agents per kilogram oflivestock 
produced has dropped by 60%. And pork pro- 
duction has actually increased by 50% since 
1994, before any interventions began. 

Any country trying to limit the use of anti- 
biotics in livestock can learn from what my 
colleagues and I did 


in Denmark, adjust- “Vets were 
ingwhatworkedthere making ahuge 
to local needs. Given _ profit selling 
how difficult itis to q@ntibiotics to 


control how resistant farmers.” 
bacteria behave and 

spread worldwide, reducing antibiotic use is 
something we must do for the future health of 
all — animals and people. 


A GROWING PROBLEM 

I got involved in helping Denmark to reduce 
its overuse of antibiotics almost by accident. 
In September 1994, I was a recently gradu- 
ated vet, doing my PhD in bovine mastitis 
and one of its main causes, the bacterium 
Staphylococcus aureus, when I saw some 
data that worried me. At the annual meet- 
ing of the Danish Veterinary Association 
in Askov, researchers showed an increase 
in prescriptions for and usage of cheap 
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tetracycline in animals — and a concurrent 
rise in resistance to the antibiotic among 
bacteria cultured from animals. These data 
prompted a heated debate and revealed that 
many vets were making a huge profit from 
selling antibiotics to farmers. 

At that point, scientists were already 
concerned about the overuse of antibiotics in 
livestock. Farmers have been using antibiot- 
ics to boost growth since just after the Second 
World War, when there was a lack of good- 
quality feed. Experiments at the time showed 
that animals grew faster when fed low levels 
of the drugs — although researchers have 
never fully explained why’. The practice 
spread quickly. As early as the 1960s, scien- 
tists began to see the same resistant bacteria 
in food animals and humans'”. This was no 
surprise. Bacteria linger in skin and faeces and 
can easily make their way into meat and onto 
the hands and kitchen counters of people pre- 
paring it. So, starting in the 1970s, countries 
in Europe’ began banning the use of antibiot- 
ics for growth, particularly those drugs that 
were being used therapeutically in humans’. 

After some prompting from my collabo- 
rator, the German microbiologist Wolfgang 
Witte, I decided to investigate whether 
farmers in Denmark prescribed antibiotics 
to animals purely for growth. I found, to my 
surprise, that this was common practice. In 


28 JUNE 2012 | VOL 486 | NATURE | 465 


BACON BOOST 


Denmark’s actions to stop using antibiotics as growth promoters (AGP) in 
livestock has reduced antibiotic consumption but not pig production. 
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_|.. Virginiamycin banned. 


in piglets. 


Millions of pigs produced === 
w 
O° 


o 


1994 1996 


1998 2000 


pig production, two-thirds of all antibiotics 
given were for growth; in poultry, it was 
around 90% (ref. 1). 

Curious, my colleagues and I began to 
screen faecal samples from healthy chickens 
and pigs. On 25 January 1995, we isolated for 
the first time a bacterium that was resistant 
to one of the growth-promoting antibiotics’. 
Subsequent studies showed a clear relation- 
ship between the use of a growth promoter 
called avoparcin and the widespread occur- 
rence of resistant bacteria’. This prompted the 
Danish government to ban the use of avopar- 
cin to promote growth in livestock. Soon after, 
in 1997, the EU banned all use of avoparcin. 

This became a major story in Denmark, 
and I began travelling to meetings and taking 
phone calls from the media and government 
agencies, all while trying to finish my PhD. 
Eventually, the director of the institute I was 
working at, the National Veterinary Labora- 
tory in Copenhagen, asked me to focus on 
antibiotic resistance full time, including mon- 
itoring the ban on avoparcin. This became the 
foundation of the first comprehensive surveil- 
lance system to monitor the use and health 
effects of antibiotics in livestock. 

In 1995, we established DANMAP, the 
Danish Integrated Antimicrobial Resistance 
Monitoring and Research Programme (www. 
danmap.org). This collaboration between vets 
and human-disease epidemiologists monitors 
antimicrobial usage and resistance in animals, 
food products and humans in Denmark. It 
collects and analyses samples from slaughter- 
houses, vets and hospitals to track the effects 
of policy intervention on antibiotic usage 
and to detect new problems. The United 
States, Canada, Japan and several countries 
in Europe now have surveillance programmes 
that are modelled on DANMAP. 

Meanwhile, as scientists found more 
instances of antibiotic resistance, the Dan- 
ish government banned another growth 
promoter, virginiamycin, in 1998. That year, 
following much media interest and political 
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pressure, and out of concerns for human 
health, the Danish poultry industry voluntar- 
ily stopped all use of antibiotics for growth. 
The country’s pig industry followed in 2000. 

Farmers were able to continue to use anti- 
biotics to prevent and treat infections, which 
provided a back-door route for some of them 
to obtain inappropriate prescriptions’. In 
2010, the Danish agriculture ministry 
began issuing warning letters — dubbed 
yellow cards — to the pig farmers who had 
the highest consumption of antibiotics per 
pig produced. This has led to a reduction in 
antibiotic use for therapy of almost 25% dur- 
ing the past two years. 

Even before Danish farmers cut back on 
antibiotics, many predicted that the cessation 
would have a disastrous effect on productiv- 
ity and the economy. However, in poultry 
production, it had no negative effects on 
either the total kilograms of chickens pro- 
duced per square metre, or the amount of 
feed used”. In pigs, reducing antibiotics had 
no negative effects on productivity, num- 
ber of pigs produced per sow, average daily 
weight gain or the amount of feed needed to 
produce a kilogram of meat’. In fact, pork 
production has increased steadily in Den- 
markas farmers have continued to modern- 
ize (see ‘Bacon boost’). 


WHAT WORKED 

There were three secrets to our success in 
Denmark. We had data showing that anti- 
biotics were becoming a problem; there was 
political will to enforce regulations; and 
there was cross-sector collaboration between 
farmers, researchers and authorities. 

One of the most important steps was the 
ban. But legal action means nothing without 
a way to monitor compliance. For example, 
Danish authorities use DANMAP to target 
the farms that are using the most antibiotics, 
or the most dangerous classes of drugs. Some 
countries’ surveillance systems are not com- 
prehensive enough. Data are not available 
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from all animal species, and the systems do 
not integrate data from humans and animals 
sufficiently. Some do record antibiotic resist- 
ance, but not all of them track usage. 

Denmark took another key step that most 
countries have not yet taken. The govern- 
ment issued legislation in 1995 preventing 
vets from profiting from selling antibiotics 
to farmers. The conflict of interest is clear. 
The more antibiotics farmers use, the more 
money these vets make. I believe that this 
decision had a huge impact on the overuse 
of antibiotics in livestock. Vets in the United 
States and most of the EU continue to profit 
from prescribing these drugs. 

In my view, it also helped that my scien- 
tific colleagues and I were very open about 
our findings of bacterial resistance. We com- 
municated results in our annual meeting and 
through regular DANMAP reports, among 
other methods, even to people who we knew 
would take issue with what we had to say. 

Reducing Denmark’s reliance on anti- 
biotics was far from easy. My lab was visited 
by pharmaceutical executives who did not 
like what we were finding, and I would be 
cornered at meetings by people who disa- 
greed with our conclusions. I have even been 
publicly accused of being paid to produce 
biased results. Despite such challenges, it has 
been satisfying to see that Danish farmers 
and their livestock can thrive without the 
heavy use of antibiotics. With a little effort, 
I believe that other countries can and must 
help their farmers to do the same. m 


Frank Aarestrup is a professor in 
microbiology and head of the EU Reference 
Laboratory for Antimicrobial Resistance 
and the WHO Collaborating Centre for 
Antimicrobial Resistance in Foodborne 
Pathogens at the National Food Institute, 
Technical University of Denmark, Lyngby, 
Denmark. 
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Hans Bethe, who won a Nobel prize for his work on stellar energy processes, pictured in 1979. 


A shining life 


Frank Close enjoys the life of Hans Bethe, a Manhattan 
Project veteran who probed the hearts of stars. 


ans Bethe was one of the outstand- 
H ing scientists of the twentieth 

century, making seminal contribu- 
tions to almost all areas of theoretical phys- 
ics. When he died in 2005, aged 98, he was 
the last of the generation whose members 
had, in their youth, established quantum 
mechanics as the descriptive theory of the 


468 | NATURE | VOL 486 | 28 JUNE 2012 


atomic world. He was also one of the last 
veterans of the Manhattan Project. 
Nuclear Forces, by the distinguished 
physicist Silvan Schweber, tells the story 
of the first three decades of Bethe's life and 
career, up to the time of his Nobel-prizewin- 
ning work on nuclear reactions in stars. But 
the book offers much more besides, with a 
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history of the develop- 
ment of physics — 
atomic, solid-state and 
nuclear — in the first 
third of the twentieth 
century, and of the 
institutions in which 
Bethe worked. 
Schweber’s analysis 
of the physics is the 


Nuclear Forces: 


book’s great strength. The Making of the 
Physicist Hans 
Readers conversant Bethe 


with Schrédinger’s 
equation will find it 
deeply informative. 
But this is not a book 
for the faint-hearted, 
and at times it is hard to determine its target 
readership. For example, although the con- 
cept of the electronvolt is spelled out in some 
detail, elsewhere we are assured, without fur- 
ther amplification, that “By virtue of the finite 
range of nuclear forces only the L=0, s-wave 
phase shift contributes to the cross section”. 

Bethe himself sometimes disappears for 
pages on end as the author provides back- 
ground. One section covers the history of 
Cornell University in Ithaca, New York, 
where Bethe settled. Another explores Jew- 
ish intellectualism in German science and 
the experience of being a Jew in Germany in 
the 1930s, which were the environments in 
which Bethe developed. These digressions 
enrich our understanding of who Bethe 
really was, and of his milieu. 

The complicated role of women in Bethe’s 
life comes through well. His letters revealed 
that he loved his mother dearly, but that she 
managed to destroy his potential nuptials 
with the scientist Hilde Levi. Levi worked 
in physicist Niels Bohr’s institute in Copen- 
hagen, and she and Bethe had planned to 
marry in 1934. His mother’s “continual bat- 
tering” wore him down and a few days before 
the wedding, Bethe called it off. 

Bohr disapproved, and never subsequently 
invited Bethe to the annual conferences he 
hosted in Copenhagen. Schweber notes that 
Bethe never visited Bohr’s institute after he 
moved to the United States in 1935, although 
he did go to Europe to see his parents. 

Schweber’s careful research offers a post- 
script to this tale. He showed Levia draft of 
the relevant chapter, and she told him that 
Bethe had been prepared to go through with 
the wedding. It was his mother who had 
forced the issue by sending a telegram to 
Levi “stating that the engagement was being 
broken. Hans’s letter to Hilde came thereaf- 
ter.” Later, Schweber reveals, Bethe’s mother 
almost thwarted him 
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Bethe’s long friendship with the great 
German theoretical physicist Rudi Peierls 
also comes to life in Nuclear Forces. Between 
1933 and 1934, Bethe spent a year in Man- 
chester, UK, staying with Peierls’ family. In 
a letter to Arnold Sommerfeld, his mentor, 
Bethe offers a portrait of a place and an era, 
remarking that his coal-dust-covered win- 
dow was cleaned in the spring, after which 
he could see the rest of the campus “on days 
when there was no fog”. 

That year with Peierls was in Bethe’s 
opinion the most productive of his career. He 
became enamoured of nuclear physics; met 
Patrick Blackett, an experimental physicist 
known for his work on cosmic rays; spent 
time in Bristol, UK. He then moved to Cor- 
nell for good. Had someone had the initiative, 
or daring, to create a position for him in Brit- 
ain, the course of theoretical physics on two 
continents might have been very different. 

Having settled in the United States, Bethe 
went to the Washington Conferences on 
Theoretical Physics every year from 1935 
until 1937. He decided not to take part in 

1938, because the 


“At first, subject was energy 
the editor production in stars 
of Physical and “he wasn't inter- 
Review was ested in that prob- 
not enthused.” lem” At the urging of 

fellow émigré Edward 


Teller, he finally went, and what he heard led 
him to discover the CNO cycle in stars, in 
which reactions between protons and nuclei 
convert carbon sequentially into nitrogen 
and oxygen and back to carbon, liberating 
energy. And he identified the dominant 
processes that power the Sun. At first, the 
editor of Physical Review was not enthused 
by the CNO article. The resultant delay in 
publishing proved fortunate for Bethe: it 
enabled him to win the New York Academy 
of Science's US$500 prize for an unpublished 
work on stellar energy. The same work was 
later instrumental in him winning the Nobel 
Prize in Physics. 

There is no mention of the legendary story 
ofa romantic walk under the stars, on which 
Bethe tried to woo Ewald by commenting 
that at that moment, he was probably the 
only person on Earth who understood why 
stars shine. None too impressed, she report- 
edly replied, “That’s nice.” 

Nuclear Forces does tell a similar story, in 
which a woman comments on how beauti- 
fully the stars shine and her companion 
proudly responds, “I've known since last night 
why they shine”. The speaker was the atomic 
physicist Fritz Houtermans, whose early work 
was part of Bethe’s inspiration. Whichever 
version you prefer, it is a good story. m 


Frank Close is a professor of theoretical 
physics at the University of Oxford, UK. 
e-mail: f.close1 @physics.ox.ac.uk 


Books in brief 


Pieces of Light: The New Science of Memory 

Charles Fernyhough PROFILE BOOKS 352 pp. £14.99 (2012) 

We are our memories, says psychologist and writer Charles 
Fernyhough. Without them, we would be “lost to ourselves”. 
Fernyhough deftly guides us through memory’s many facets, 

from types (autobiographical, episodic, semantic, explicit, implicit, 
working) to mental mapping, trauma, sense associations such as the 
smell of fresh paint or a bar from Bach, and the evocative stories of 
his aged grandmother. Often using himself as a test case, he adds 
context with research and snippets from a raft of great writers. 

A thoughtful study of how we make sense of ourselves. 


The Violinist’s Thumb And Other Lost Tales of Love, War, And 
Genius, as Written by Our Genetic Code 

Sam Kean DOUBLEDAY 416 pp. £20 (2012) 

In this successor to The Disappearing Spoon (Little, Brown, 2010), 
his bestseller on the periodic table, science writer Sam Kean 
explores the complexities of heredity. The broad focus on DNA 
allows dazzling diversions: Niccold Paganini’s eponymous thumb; 
the supersaturation of polar-bear livers with vitamin A; the case of 
Tsutomu Yamaguchi, who survived both Hiroshima and Nagasaki to 
live to 93; the key contributions to the field by Dominican nun and 
chemist Miriam Michael Stimson among others; and much more. 


Zoobiquity: What Animals Can Teach Us About Health and the 
Science of Healing 

Barbara Natterson-Horowitz and Kathryn Bowers KNOPF 320 pp. 
£17.23 (2012) 

Medically, how different are humans from other animals? Cardiologist 
Barbara Natterson-Horowitz began to probe the divide after learning 
that emperor tamarins can get stress-related capture myopathy — 
identical to the human heart condition takotsubo cardiomyopathy. 
With science journalist Kathryn Bowers, she covers case studies of 
conditions common across species, such as cancer and heart attacks, 
and calls for physicians and veterinarians to share data. 


The Beach Book: Science of the Shore 

Carl H. Hobbs COLUMBIA UNIVERSITY PRESS 192 pp. £41.50 (2012) 
With 44% of humans living 150 kilometres from a coast, according 
to United Nations figures, the sea’s pull is undeniable. Marine 
scientist Carl Hobbs peels back the fagade of sun and surf to explore 
the science of the strand. He examines in turn the shore itself, wind, 
waves, tides, sediments, barrier islands and tidal inlets, sand dunes 
and salt marshes, sea-level rise, erosion and storms. Fascinating 
phenomena — from surf beat, edge waves and beach cusps to the 
dunes known as barchans — bob through this crisply written guide 
to ecology and geology at the edge. 


Winner Take All: The Race for the World’s Resources 


WINN ER Dambisa Moyo ALLEN LANE 272 pp. £20 (2012) 
TAKE ALL Economist Dambisa Moyo, whose hard-hitting Dead Aid (Penguin, 
SOP Ne Ra 2010) criticized ‘top-down’ aid, pulls no punches in this investigation 
‘a | of China’s global ‘shopping spree’ for resources. Moyo interweaves 
history into her analysis of the economic implications of China’s 
DAMBis ascendancy as trade partner and commodities buyer; its influence on 
Moyo4 markets and resource prices; and the social and political impacts of 
2 its investments. There may, she says, be a demographic brake on the 
/ resource rush — but commodity crises and wars cannot be ruled out. 
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In Loitering Theatre, artists used airborne cameras to film hidden parts of Dublin. 


—— 


Metropolitan mash-up 


Anthony King enters a parallel city that teems with 
hackers innovating for the public good. 


mbrace your inner hacker. That is the 
Heenan of the exhibition Hack the 

City at the Science Gallery in Dublin. 
Here, science, technology and art mingle in an 
exploration of how urban spaces and systems 
such as WiFi networks can be mashed up, rec- 
reated and subverted for the public good. 

With 70% of the world’s population pre- 
dicted to be living in cities by 2050, the pres- 
sure to ensure that these are sustainable, 
equitable environments is growing. In Hack 
the City, Dublin is the test case for work- 
shops and exhibits probing issues ranging 
from urban-dwellers’ authority, autonomy 
and ownership to their freedom of expres- 
sion and social bonds. The timing is apt: dur- 
ing the exhibition’s run, Dublin will host the 
Euroscience Open Forum 2012, a gathering 
of scientists and policy-makers from across 
Europe. 

The gallery is eager to distinguish between 
malicious ‘cracking’ and hacking. The hack- 
ing ethos, argues lead curator Teresa Dil- 
lon, is about citizens sharing resources and 
wresting back control from planners and 
commercial interests. A hacker, she explains, 
is “a craftsperson who looks at a particular 
system, identifies weaknesses and creates 
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alternative solutions for their own and oth- 
ers’ benefit”. Apple co-founder Steve Jobs 
was an early hero of the hacking community. 

“Hacklab’ workshops will introduce 
visitors to crowdsourced science, data 
manipulation, environmental monitoring 
and more. For example, ‘Sensing the City’ 
is a series of citizen-science experiments 
that will run in late July and early August. 


Researchers from IBM 

and Dublin’s Trinity “ Hacking is 
College will offerles- ghout citizens 
sons on how to map sharing 

urban biodiversity pecowrces and 
and track waste to wresting back 
create a greener city. control from 
Other workshops and ° 
projects will show visi- commercial 


4 » 
tors how to turn their interests. 


phones into noise- 

measuring devices and explore traffic-noise 
maps, or to make computer measurements 
of air pollution. 

Berlin-based artists Julian Oliver and Danja 
Vasiliev will showcase Newstweek. This is an 
innocuous-looking wall plug that, placed in 
a WiFi hotspot, enables you to alter any news 
being read on nearby wireless devices such 
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Hack the City 
Science Gallery, Dublin. 
Until 8 September 
2012. 


as smart phones. The 
plug answers faster 
and more frequently 
than other hosts, and 


can route alllocalized Euroscience Open 


traffic through itself, Forum 2012 
The stunt shows howa _ 11-15 July 


strictly media-defined 
reality is vulnerable to 
manipulation, say the artists. 

A loaded issue in modern cities is the 
freedom to gather in open public spaces. 
In the ongoing ‘Uncommon Land’ project, 
artist Eilis Murphy explores the creeping 
privatization of those spaces. In May, for 
example, she called together a flash mob of 
35. Armed with cameras, the crowd shot 
more than 1,300 images and 50 minutes of 
video, starting in the privately owned Mayor 
Square, where photography is banned, and 
finishing in Commons Street, one of the few 
remaining publicly owned streets in Dub- 
lin’s International Financial Services Centre. 
A distillation of the images is exhibited, and 
will eventually be uploaded to Google Maps. 

‘The Sentient City Survival Kit, by archi- 
tect and artist Mark Shepard, is a collection 
of artefacts for a near-future city in which 
retail could invade privacy through item tag- 
ging and data-skimming. Shepard offers ‘his 
and hers’ bras and boxer shorts that vibrate 
to alert the wearer to hidden radio frequency 
identification (RFID) tag readers nearby. 

‘Loitering Theatre, by film-maker and 
digital-rights expert Caroline Campbell 
and visual artist Nina McGowan, turns the 
tables on urban surveillance. They used iPad- 
controlled quadcopters — small, rotor-pow- 
ered aircraft — with cameras on the front to 
film normally inaccessible views of Dublin. 
Examples include Facebook's un-signposted 
European headquarters, and houses hidden 
behind hoardings in the development waste- 
lands, where, Campbell explains, an elderly 
lady saved her garden of lilies from the prop- 
erty boom. They hope that this visual infor- 
mation will catalyse ideas on how to improve 
the Dublin cityscape. 

And in a robotic ‘hack of the city’s 
physicality, the small spidery-armed, 
insect-shaped robots in artist Jér6me Abel's 
‘Chiméres Orchestra’ tap out rhythms in the 
gallery and the Temple Bar area. Abel’s sche- 
matics and codes will be available online, so 
anyone can duplicate and modify them. 

The hacking ethos has inspired people 
across the disciplines, from open-source 
publishers to amateur biohackers practising 
garage biology. This exhibition is a paean 
to hacker culture and a call to arms for the 
rest of us to harness our powers of invention 
to push our cities in the directions we want 
them to go. = 


Anthony King is a writer based in Dublin. 
E-mail: anthonyjking@gmail.com 
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Ray Bradbury, an appreciation 


Astronomer and author David Brin celebrates the legacy ofa literary titan whose life- 
long pursuit of new horizons changed the face of science fiction. 


rilliant science fiction can ignite 
B scientific ambition. After the death of 

Ray Bradbury on 5 June, thousands of 
researchers must have reflected on the inspi- 
rational power of his works. The author of 
The Martian Chronicles (1950), The Illus- 
trated Man (1951) and Fahrenheit 451 (1953) 
died in Los Angeles at the age of 91, ruminat- 
ing and planning stories until the end. 

Bradbury was the last living member of 
the ‘BACH quartet’ — made up of himself, 
Isaac Asimov, Arthur C. Clarke and Robert 
Heinlein. In the 1950s and 1960s these 
men pulled science fiction from its pulp- 
magazine ghetto into the hardcover best- 
seller lists. Asimov, Clarke and Heinlein 
helped to shatter barriers, establishing 
the legitimacy of literature that explores 
plausible tomorrows. But it was Bradbury 
who made clear to everyone that science 
fiction can be an art form combining 
boldness and broad horizons with beauty. 

Often, when an author of future- 
oriented fiction achieves mainstream 
literary acclaim, there is a temptation 
to announce, “I don’t write sci-fi,” as if 
dropping the label will ensure escape 
from the ghetto. But when Bradbury 
said that, he meant the opposite. He 
wrote mostly fantasy, horror and sus- 
pense because, he once told me, “I can't 
do science, but that’s my loss.” He never 
learned to drive and for most of his life 
avoided aeroplanes, but Bradbury’s 
works had a major influence on space 
travel and exploration. He became a fix- 
ture on television, interviewed whenever 
some epochal milestone — such as the 
first Moon landing — was achieved. 

In his 1950 breakthrough anthology, The 
Martian Chronicles, rocket ships are taken 
for granted. The book omits any technical 
details. The rockets are simply marvellous 
conveyances that deliver the characters to 
a frontier where awe mixes with terror and 
unquenchable hope. Bradbury’s doomed 
Martians are more than just surrogates for 
native, colonized peoples. They are also 
humanity's complex and flawed elder siblings 
on the ladder of wisdom, instructing in spite 
of their fatal errors. 
Readers loved the 
rockets, but the char- 
acters taught us about 
balance and cost. 

Bradbury’s great 


> NATURE.COM 
For Nature's online 
special on science 
fiction, visit: 
go.nature.com/mgc2jd 


novel, Fahrenheit 451, took up a very differ- 
ent tradition: the self-preventing prophecy. 
The author wrought a tale of book-burning 
and political correctness gone wild that filled 
readers first with shock, then with determi- 
nation to thwart that possible future. He thus 
joined the ranks of authors such as George 
Orwell, whose Nineteen Eighty-four (1949) 
and other works frightened millions into 
taking action through politics and daily life. 
Again, it was not futuristic technology that 
made Fahrenheit 451 effective. The book is, 


Ray Bradbury helped to relaunch science fiction as art form. 


instead, a potent example of what Albert 
Einstein called the Gedankenexperiment, or 
thought experiment — the essence of good 
science fiction. 

Ray Douglas Bradbury was born in 1920, 
in Illinois. When he was 13, his family 
moved to Los Angeles, California, where 
he remained for the rest of his life. Among 
many early influences on a fertile young 
imagination was the fact — very exciting toa 
child — that one of his ancestresses had been 
tried as a witch in Salem, Massachusetts, 
in the late seventeenth century. He often 
described the lasting impressions left by the 
films of early-twentieth-century horror actor 
Lon Chaney Senior, and the occasion when 
a stage magician shocked Bradbury’s nose 
with an electric sword, commanding him 
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to “live forever!” A child of the Depression, 
Bradbury nurtured his love of writing in free 
public libraries and while hawking newspa- 
pers on street corners. 

Like many authors who followed, Bradbury 
started out writing stories for mimeographed 
fan publications of the 1940s, climbing grad- 
ually upwards while honing his craft. His 
skills later took him to Hollywood, where he 
scripted films such as John Huston’s Moby 
Dick (1956) and the US television series Ray 
Bradbury Theater (1985-92), while raising 
four daughters and penning one lumi- 
nous book after another. 

Bradbury’s stories and novels often 
plunged into dark themes. There is 
satanic-huckster villainy in Something 
Wicked This Way Comes (1962), and the 
1954 short story All Summer in a Day 
starkly reveals how basic the tendency 
toward cruelty is, and that childhood is 
neither pure nor innocent. His scientific 
readers forgave things such as his water- 
drenched Venus and untechnological 
plot-drivers, including monsters and 
childhood terrors under the bed. 

Could anyone reconcile this chain of 
chillers with Bradbury’s self-proclaimed 
optimism? He himself did. Human 
beings are fretful creatures, he said. Our 
worries often cause us to shine light in 
dismal corners, and thus help us to do 
better. To be better. 

In fact, Bradbury had a lot to say 
about a human trait he despised: cyni- 
cism. His word for it was treason. Trea- 
son against a world — and humanity 
— that had, in his view, improved enor- 
mously over the course of a generation in 
terms of technological achievements, and 
in ethics and behaviour. The racism, sexism 
and class prejudice that our ancestors took 
for granted may not have been eliminated, 
but society had at least succeeded in pushing 
them into ignominy. 

Ray Bradbury’s writing danced along the 
boundaries between mystery, sci-fi, horror 
and fantasy. What mattered to him most was 
the direction we are heading: forwards, pro- 
pelled by ever-growing knowledge and the 
will to peer even farther. m 


David Brin is an astronomer and author 
of 15 novels translated into more than 

20 languages. His latest novel is Existence. 
e-mail: david.brin@gmail.com 
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Imogen Heap produces music with gestures, thanks to Tom Mitchell’s glove technology. 


Q&A Tom Mitchell 


The sound catcher 


Tom Mitchell uses engineering and computing to enable people to play and sample live 
music using gestures. With the latest version of his co-creation “The Gloves’ about to debut at 
TEDGlobal 2012 in Edinburgh, UK, he talks about adaptive musical interaction. 


How do ‘The Gloves’ 
work? 

The team combined 
data gloves to measure 
finger flexion, inertial 
devices to measure 
orientation and opti- 
cal sensors to meas- 
ure position. Gestures 
enable a range of tasks. 
You can ‘catch your voice by singing into your 
hand, where a microphone records and loops 
phrases. Opening the hand allows a synthe- 
sizer to be played; percussive gestures trigger 
drums. Reaching for the sky adds reverb; the 
heavy-metal sign adds distortion. 


How did you start to work with Imogen Heap? 
I met Imogen at a wedding, and started help- 
ing her to use technology in performances. 
She would manipulate audio using keyboards, 
drum pads and controllers. Then she met 
Elena Jessop at the Massachusetts Institute of 
Technology in Cambridge, who had invented 
a glove to freeze the timbre of a singing voice. 
Imogen wanted the audience to relate her 
actions to the production of music, and asked 
for alive music system reliant on gestures. The 
result, she says, lets her perform more fluidly; 
it is also faster and more intuitive than using a 
keyboard or computer to compose. 
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What is your ‘evolutionary’ approach to 
audio synthesis’? 

I wanted to build an algorithm to reproduce 
a target sound, such as a cello, voice or sound 
effect. I used an optimization method mod- 
elled on Darwinian natural selection. My pro- 
gram synthesizes sounds, selects those that 
most closely match the target then recom- 
bines and mutates their ‘genes’ to engender 
the next generation, advancing towards an 
optimal solution. 


Does that come into your gestural work? 

I have plans for experiments that will allow 
users to describe a timbre using gestures, 
which can be matched using evolutionary 
synthesis, allowing ‘sound sculpting’ 


How did you become interested in 
electronics and music? 

I rejected classical music training but was 
drawn to machines. In the 1980s, I wrote 
accompaniments for my sister, a pianist, 
using a Spectrum computer. I borrowed 
equipment from electronic-music artist Tom 
Jenkinson (later recording as Squarepusher), 
who exploited his equipment’s idiosyncra- 
sies by using a hacked cassette machine to 
simulate a multitrack recorder, or a mix- 
ing console to create feedback loops. I built 
Musical Instrument Digital Interface (MIDI) 
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programs to control 
synthesizers. Pursuing 
electronic engineering 
at university, I stud- 
ied audio sampling 
and synthesis, and completed a doctorate 
combining music and computer science. 


TEDGlobal 2012 
Edinburgh 
International 
Conference Centre, UK. 
25-29 June 2012. 


What other controllers would you like to see? 
We've come a long way since the theremin, 
the first electronic gestural music control- 
ler. Examples from recent years include the 
Eigen Harp and Karlax, whose sensor-driven 
interfaces resemble traditional instruments. 
I would like to see a move away from gar- 
ments and sensors that constrain movement; 
camera-based devices have pushed things 
forward. I can't wait to get my hands on Leap 
by Leap Motion: a device that allows you to 
control a computer with fine hand and finger 
movements. It would be nice for people to be 
able to program their own systems using any 
gestures, and I look forward to interfaces as 
adaptive and versatile as touch screens. 


Could this technology be put to other uses? 
Yes. The gestural-interface system that we 
are working on could have applications in 
animation, gaming and robotics. At the 
Bristol Robotics Laboratory, based at the 
University of Western England, where I 
also work, a similar arrangement is used to 
design systems that let a robot understand 
human gestures meaning ‘pass me that span- 
ner’ and so on. 


What is next for you? 

I have been helping to expand the capabili- 
ties of “The Gloves’ to allow Imogen to write 
and perform a song from scratch. The sys- 
tem made its debut for the release this year of 
the song MeTheMachine, as part of Imogen’s 
Heapsongs series. Iam working on machine- 
learning techniques for synthesis match- 
ing and gesture identification and looking 
at developing the gloves commercially. 
I’ve started working on the sonification of 
chemical reactions and quantum-mechanics 
simulations, and am collaborating with x-io 
Technologies in Bristol to build a commer- 
cial interface for multimedia interaction. 


Is there a future for old-fashioned musical 
instruments? 

Certainly. They are being augmented with 
sensors that exploit the musicians’ ‘spare 
bandwidth’ — communicative gestures that 
don't produce sound. Dan Overholt’s Over- 
tone Violin uses sonar and glove-mounted 
accelerometers, among other sensors. To 
paraphrase David Wessel, a professor of 
music at the University of California, Berke- 
ley, instruments should reward quickly, but 
allow scope for virtuosity. m 
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Correspondence 


Carson no ‘beacon of 
reason’ on DDT 


We disagree with Rob Dunns 
view that Rachel Carson's 1962 
book on human environmental 
impacts, Silent Spring, still stands 
as a “beacon of reason” (Nature 
485, 578-579; 2012). 

The insecticide DDT 
(dichlorodiphenyltrichloro- 
ethane) was arguably the 
most successful chemical ever 
synthesized to control malaria 
and other insect-borne diseases. 
However, Silent Spring led to a US 
ban on DDT use in 1972. 

Carson branded DDT as 
dangerous because of its effects 
at high doses on experimental 
rodents and birds. But it was 
already known that humans 
experienced no ill effects after 
consuming 35 milligrams of 
DDT daily for two years —a 
dose 1,000 times higher than 
that received from agricultural 
exposure. Thousands of pesticides 
occur naturally in fruit and 
vegetables and are consumed 
daily. Around half of these also 
cause cancer at high doses in 
rodent tests (B. N. Ames and L.S. 
Gold Mutat. Res. 447, 3-13; 2000). 

DDT is an organohalogen 
and is concentrated in the food 
chain, as are many of the organo- 
halogens naturally synthesized 
by marine and land organisms; 
some are also found in breast milk 
(G. W. Gribble Chemosphere 52, 
289-297; 2003). But persistence 
does not equate to harm. 

Carson claimed that insect 
resistance would quickly reduce 
DDT’s effectiveness. But DDT is 
largely a mosquito repellent, not a 
toxicant. Repellent resistance has 
not yet emerged, whereas toxicant 
resistance is widespread. 

Contrary to Dunns claims and 
Carson’s predictions, the bald 
eagle had become rare long before 
DDT, and American robins 
increased during the 1960s. 

At the time of the DDT ban 
in 1972, 1 billion people were 
almost malaria-free. Within 
a few years, malaria cases had 
risen 10-100-fold. Over 40 years, 
estimates suggest that there have 


been 60 million to 80 million 
premature and unnecessary 
deaths, mainly children, as a 
result of misguided fears based on 
poorly understood evidence. 
Tony Trewavas* University of 
Edinburgh, UK. trewavas@ed.ac.uk 
*On behalf of 11 co-signatories 
(see go.nature.com/2hfmok). 


Help to survey the 
use of smart drugs 


We call on Nature readers to 
help us to achieve the highest 
possible response from students 
in the United Kingdom or 
Ireland to a survey on the use 

of pharmacological drugs for 
cognitive enhancement (see 
www.thesmartdrugstudy.com). 

In 2007, Nature urged academic 
institutions to address the 
ethical and regulatory challenges 
associated with the use of 
psychotropic drugs that improve 
cognitive performance in the 
healthy — notably medications 
for attention-deficit hyperactive 
disorder (ADHD) and narcolepsy 
(Nature 450, 320; 2007). The 
following year, an informal global 
survey by Nature suggested that 
as many as one in five academics 
used cognition-enhancing drugs 
for non-medical reasons (Nature 
452, 674-675; 2008). 

Outside the United States and 
Germany, empirical evidence on 
the use of cognitive enhancers 
is sparse (for a review, see 
C.I. Ragan, I. Bard & I. Singh 
Neuropharmacology; in the press). 
UK policy discussions have relied 
mainly on ambiguous US data. 

Our survey, in collaboration 
with the UK Independent 
Scientific Committee 
on Drugs, will provide a 
comprehensive analysis of the 
use of pharmacological cognitive 
enhancers by students in the 
broader context of their substance 
use. We shall use the results to 
assess prevalence, concerns, 
frequency and motivation, and 
sources and pricing. We will also 
analyse the perceived effects 
and side effects, perceptions of 
social coercion and regulatory 


measures, and correlation with 
self-reported ADHD symptoms. 
Imre Bard, Ilina Singh London 
School of Economics & Political 
Science, London, UK. 
i.a.singh@lse.ac.uk 


Less lactation may 
explain cancer rise 


Your Outlook supplement on 
breast cancer (Nature 485, S49- 
S66; 2012) does not mention the 
protective effect of breastfeeding. 
In most populations, this seems 
to be even stronger than that 
conferred by regular exercise 
(Nature 485, S62-S63; 2012), 
especially when lactation is 
extended over several children 
(S. Ip et al. Evid. Rep. Technol. 
Assess. 153, 1-186; 2007). 

Genetic factors and early 
puberty both play a part in 
development of the disease. But 
these cannot fully account for the 
increasing incidence of breast 
cancer in the developed world, 
given that the genetic make-up 
of populations is unlikely to have 
changed much over the past few 
decades and puberty now starts 
only slightly earlier. 

One change is that Western 
families have become smaller, so 
total breastfeeding over a mother’s 
lifetime has declined. Oestrogen 
exposure, normally suppressed 
during lactation, is therefore 
effectively prolonged, increasing 
the likelihood of developing some 
types of breast tumour. 

Anne Marie Oudesluys-Murphy 
Leiden University Medical Centre, 
Leiden, the Netherlands. 
h.m.oudesluys-murphy@lumce.nl 


Limit consumption 
to preserve habitats 


Consumption by wealthy nations 
is driving environmentally 
hostile production in the 
developing world, which can 
threaten species and their 
habitats (see, for example, 

M. Lenzen et al. Nature 486, 
109-112; 2012). But balancing 
this unsustainable ecological 


debt won't be straightforward. 

Although consumption- 
curbing policies in wealthy 
nations are urgently needed, 
their potential for adverse 
effects on the development of 
poor countries must be taken 
into account. Changes in 
demand through international 
trade could compromise many 
livelihoods, holding back 
sustainable development. 

Governments in the 
developing world can help by 
strengthening their regulations 
to eliminate environmentally 
damaging production 
techniques, with technical and 
financial assistance from rich 
nations if necessary. 

In summary, possible 
solutions should consider the 
interests and needs of both 
developed and developing 
nations (see, for example, the 
latest United Nations report 
on economic development in 
Africa; go.nature.com/qjmusf). 
Marco Sakai Sustainability 
Research Institute, University of 
Leeds, UK. ee08masd@leeds.ac.uk 


Clue to an ancient 
cosmic-ray event? 


It is tempting to speculate 
that the ancient text of the 
Anglo-Saxon Chronicle might 
offer a clue to the cause of the 
mysterious, dramatic cosmic-ray 
event in AD 774 (E. Miyake et al. 
Nature 486, 240-242; 2012). 

A chronicle entry for the 
same year (see go.nature.com/ 
wwkw5)) hints at the presence ofa 
supernova largely hidden behind 
a dust cloud, which would scatter 
and absorb all light bar a trickle 
of red. The resulting supernova 
remnant would be invisible. 

The entry notes: “This year 
also appeared in the heavens 
a red crucifix, after sunset; the 
Mercians and the men of Kent 
fought at Otford; and wonderful 
serpents were seen in the land of 
the South-Saxons.” 
Jonathon Allen University of 
California, Santa Cruz, California, 
USA. jokallen@ucsc.edu 
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OBITUARY 


Andrew Fielding Huxley 


(1917-2012) 


Biophysicist who showed how nerves carry electrical signals and muscles contract. 


ndrew Fielding Huxley made three 
Az discoveries in physiology and 

biophysics. For establishing how ions 
carry electrical signals in nerves, he shared 
the Nobel prize with Alan Hodgkin and 
John Eccles in 1963. He also described how 
molecular motors enable muscles to shorten 
and exert force and how electrical activity 
triggers the contraction of muscle fibres. 

Huxley died on 30 May at the age of 
94. He grew up in Cambridge, UK, ina 
prominent academic and literary dynasty. 
To his immense pride, his grandfather, 
the anatomist Thomas Henry Huxley, 
‘Darwin's bulldog? had defended Charles 
Darwin in early debates about evolution. 
Andrew’s half-brothers were Brave New 
World author Aldous and evolutionary 
biologist Julian Huxley. 

Andrew Huxley obtained his under- 
graduate degree in physiology from the 
University of Cambridge, UK, in 1938. 
His research was interrupted by the 
Second World War, during which he 
applied himself to developing radar and 
gunnery. After the war, he did not bother 
with a doctorate: it is said that no one 
felt competent to serve on his awarding 
committee. But to his students, who knew 
him as Prof, Huxley’s formidable intellect 
was made less daunting by his warmth, 
modesty and enthusiasm. His marriage to 
the delightful Richenda Pease resulted in 
six children. 

Huxley first encountered the squid giant 
axon in 1939, working with Hodgkin at the 
Laboratory of the Marine Biological Asso- 
ciation in Plymouth, UK, and resumed work 
on it after the war. This large nerve fibre 
provided the keys to understanding the 
electrical activity that excites biological 
cells, which had been a mystery since the 
eighteenth-century experiments of Luigi 
Galvani and Alessandro Volta in muscle 
excitability and electricity. 

Huxley and Hodgkin’s collaboration 
with biophysicist Bernard Katz yielded the 
sodium theory of the action potential. Pub- 
lished in 1952, this work showed that the 
axon membrane can, within a millisecond, 
switch from being permeable to potassium 
ions to being permeable to sodium ions 
instead, causing a voltage spike termed the 
action potential. The inflow of sodium ions 
initiates and reinforces the impulse as it 
carries a signal along the axon, froma finger- 
tip to the spinal cord to the brain, for example. 
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Hodgkin and Huxley measured the 
kinetics and voltage dependence of these 
permeability changes and expressed them 
as equations, which Huxley evaluated using 
a mechanical calculator. Their formula- 
tion still provides the framework for our 
understanding of electrical activity in the 


nervous system and throughout the body. 
It presaged the discovery of the sodium and 
potassium channels central to brain activity 
and is also the basis for our understanding 
of the heartbeat, cardiac arrhythmias and 
many drugs. 

Huxley turned next to muscle contraction, 
reviving a boyhood interest in mechanical 
devices and optical microscopy. He built a 
two-beam interference microscope and used 
it to discover how muscle produces force and 
shortens, and how electrical signals activate 
contraction. 

In 1954, with Rolf Niedergerke (who 
also died this year), Huxley published the 
‘sliding-filament hypothesis, which showed 
that myosin and actin protein filaments slide 
relative to one other as muscles shorten. The 
filaments are propelled by myosin molecular 
motors that ‘walk’ along the actin, attaching 
and detaching. Huxley’s ideas underpin a 
host of molecular motors and cell-motility 
mechanisms, which are important in the 
cardiovascular and neurological systems 
and cancer. 

Huxley’s second pivotal microscopic 
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observation, published in 1958, showed 
how voltage differences across the surface 
membranes of muscle fibres are transmitted 
deep within the cell along transverse tubules 
spaced periodically along the fibre. We now 
know that the signal stimulates the release 
of calcium ions, which activate the contrac- 
tion system. Hundreds of similar signal 
cascades that result in the inward spread 
of electrical or hormonal excitation have 
since been discovered in endocrinology, 
neuroscience and immunology. 

Huxley held prominent academic 
positions — as head of physiology at 
University College London (beginning 
in 1960), president of the Royal Soc- 
iety (1980-85), president of the British 
Science Association (1976-77) and 
master of Trinity College, Cambridge 
(1984-90). His management style was 
meticulous, and at times considered 
too exacting. 

Many of his concerns resonate today: 
the funding of research and faculty in 
times of scarcity, industry—university 
partnerships, the free dissemination of 
results and England’s role in interna- 
tional scientific programmes. Like his 
grandfather, he spoke strongly for the 
evaluation of scientific results solely on 
their merits, and he opposed the sup- 
pression of studies on the basis of their 
unpopularity or for political contingencies. 

As postdoctoral fellows in Huxley's lab- 
oratory, we had much contact with Prof over 
the years, although we did not share many 
publications. He had a strict attitude towards 
authorship and listed himself only if his 
contribution was high, but he was always 
interested and helpful. He had little patience 
for those who were unprepared, but for those 
who were, his views were a gold mine. 

Andrew Huxley inspired generations of 
scientists with his careful, imaginative tech- 
nique and his clear vision. His uses of new 
instrumentation and the interplay between 
experimental tests and quantitative models 
are ideals to be emulated. = 
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CELESTIAL BODIES 


BY KEN LIU 


o there I was, a new gas giant just wak- 
ing up. The disk of nebular dust sur- 


rounded me like a fresh blanket of snow. 
Along with the rest of the planets, I marched 
around that dust cloud, absorbing everything 
I could, growing and loving every second. 

Then I saw her. 

A tiny, dainty thing. Rocky, hard, solid. 
Not at all like me, all swirls and ionized 
storms. She was closer to the sun, and she 
shone so brightly in that golden light, like a 
spinning jewel. 

I was instantly smitten. 

She was young, fiery and hot-tempered 
(and in truth, I suppose I was then, too). 
Volcanoes erupted constantly all over 
her surface, and she spun so fast. Glid- 
ing along in our separate orbits, we 
flirted, argued, got to know each 
other. For hundreds of millions of 
years, we danced our teasing dance: 
closer, farther apart, closer again. 

I loved her for her fearless 
embrace of the Universe. Back 
then, the Oort cloud sent hailstorms 
of comets towards the heart of the 
solar system. She did not shrink from 
them, but laughed as the great balls of 
ice struck against her, singing all the 
while. She hummed as the ice melted, 
boiled against her skin, rained down and 
collected into rivers, lakes, seas. 

Before I knew it, she had grown into 
a young planet of great beauty. Her blue 
oceans swelled and filled out gracefully, 
and the tan continents drifted over them 
like sunspots. She was still tempestuous and 
moody: lightning flashed in her atmosphere, 
studded by speeding cumulonimbus clouds. 
Ather poles, shifting auroras lit up the dark- 
ness, dazzling even at my distance. 

Finally, I worked up the courage to ask her 
to join me in my orbit. I even made a ring out 
of the prettiest bits of drifting dust. “We have 
been dancing long enough,’ I said. “Come, 
let us travel together, inseparable until the 
end of time.’ 

She glowed, brightened, but then tilted 
her axis ever so slightly. “Look,” she said, 
and opened her cloud-cover a sliver so that 
I could see. 

Her oceans were teeming with tiny 
things, creatures that moved on their own. 
They dove and swam, chased each other 
and leapt out of the waves, as fleeting as 
flashing meteors. 
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Love among the stars. 


“Some time ago, lightning struck the 
sea just so and formed a chain of complex 
organic molecules. At first, I didn’t pay much 
attention to it, but it multiplied and grew. 
During the eon while you and I danced to 
the fixed measures of gravity, that simple 
beginning has evolved into these beautiful 
and wondrous forms.” 

“I don't understand,” I said. “What do 
these... things have to do with us?” 

“They're fragile,” she said, her surface 


brightening again with that lovely, gen- 
tle glow. “I have to stay where I am so that 
they'll be warm and safe?” 

“Then [ll join you.” 

She wobbled in surprise. “No! Your radia- 
tion ... 'm sorry, but we can't be together. I 
have responsibilities now” 

I couldn't believe it. She was choosing a 
bunch of parasites over me. 

I shouted and spun, and storms, each as 
big as she was, raged across my surface. But 
she just ignored me, and continued to tend 
to her babies, to life. 

Something happened to me then. Maybe 
it was the pull of another star passing by, or 
a friendly gas giant that wandered closer to 

offer me comfort, but I 
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of the solar system. My orbit grew erratic, 
eccentric. I dove closer to the sun than even 
she did at perihelion, and flew as far away as 
the Oort cloud at aphelion. By turns I froze 
and burned. I approached her, imploring her 
to accept my devotion, and I ran from her, 
driven by despair. 

Icould see that my mass was affecting her, 
nudging her from her orbit. 

“Stop; she pleaded. “Please. You're hurt- 
ing the life dependent on me.” 

But I didn’t stop, and I grew even more 
reckless. During one of my approaches, I 
finally moved too close, and she fell into my 
gravity well and was flung out of her orbit. 

She drifted away from the sun on an ever- 
widening spiral. 

As she passed me, she turned her face 
away. I could see a veil of ice forming 
over her once-clear blue oceans. 

“Tm sorry!” I cried after her. 

For a moment I saw her shud- 
der, as her molten core grew hotter 
under the tidal forces of the sun’s 
gravity and mine. “I have to save 
them,” she murmured. “I have to 
save my babies.” 

The veil of ice soon covered all 
of her and grew thicker. And as she 
continued on her trajectory away from 
the sun, I could see her atmosphere turn 
directly into ice and fall onto her like a 
blanket of dry snow. 

I understood. She was willing to entomb 
herself away from the Universe just so that 
life could continue to survive in her liquid 
oceans, heated by the fire of her core from 
below and protected from the void above by 
miles of ice. 

“Goodbye,” I said. 

And I saw her ice shell crack just a bit, 
and a miles-long flow of magma oozed out, 
a blood red wound hissing against the ice. 

“Goodbye,” she said, already so far away. 

Ina moment the magma froze solid again 
and sealed the crack, like a scab. I'll never 
forget that sight. It was her heart, bleeding 
with pain and love. 

I watched until she disappeared into the 
emptiness between the stars. 

But I know she’s still out there, dreaming 
under her ice shell, her heart ever fiery, giv- 
ing life to a whole world. = 


Ken Liu lives and writes in Massachusetts. 
For more, see http://kenliu.name/stories. 


This story is based on D. S. Abbott and E. R. Sitzer 
Astrophys. J. Lett. 735, L27 (2011). 
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No inter-hemispheric 5'°CH, trend observed 


ARISING FROM Kai, F. M., Tyler, S. C., Randerson, J. T. & Blake, D. R. Nature 476, 194-197 (2011) 


To understand the reasons for global CH, changes since the 1990s, 
Kai et al.' evaluated a combined record of observed tropospheric CH, 
mole fractions as well as 8’°C-CH, and 5D-CH, measurements from 
mid latitudes of both hemispheres. Their data set shows a strongly 
decreasing inter-hemispheric difference (IHD) in 3'3C-CH, from 
—0.24 + 0.11%0 during 1989-1993 to —0.10 + 0.04% during 2001- 
2005, which they largely attribute to decreasing rice emissions during 
the last two decades. Here we show that the experimental data used by 
Kai et al.‘ are probably biased because the authors used only one 
continental mountain station (Niwot Ridge, Colorado, USA) as rep- 
resentative of the entire Northern Hemisphere, thereby incorrectly 
determining the IHD of 5'°C-CH,. Our more comprehensive data 
set—representing background air in both hemispheres—shows that 
the IHD of §'°C-CH, has changed by less than 0.05%o since 1990; the 
conclusion drawn by Kai et al.’ of a significant reduction of NH 
microbial sources is, thus, not constrained by our data. 
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Figure 1 | Long-term trends in atmospheric '*CH,. a, Three data sets from 
different laboratories adjusted to a common scale (Table 1). Individual points 
indicate single samples (NIWA, UHEI) or daily mean values (INSTAAR) with 
1o error bars. The solid lines are harmonic curves fitted through the merged 
data set with and without seasonal cycle®. b, De-seasonalised trend curves for 
the adjusted and merged data sets from a and those from Barrow and Mauna 
Loa**”, as well as combined from Cape Grim and Baring Head**. The shaded 
areas are the mean standard deviations of the de-seasonalised data around the 
trend curves. c, Inter-hemispheric difference (IHD) calculated from the trend 
curves in b as the difference of BRW + MLO minus CGO/BHD + Antarctica 
(shaded area is the + 1o uncertainty of the IHD). 


Measuring stable isotopes in CH, with the precision needed for 
atmospheric CH, budgeting is difficult and only performed by a few 
laboratories worldwide. The large difference between atmospheric 
5'°C-CHy, (approximately —47%o) and the primary 5'°C standard 
(NBS-19, +1.95%o) places stringent requirements on a laboratory’s 
ability to maintain the integrity of an internal calibration scale over 
decades. Also modifications to analytical procedures are a potential 
source of bias in decade-long records. Without inter-laboratory 
comparisons, crucial for quality control, interpretation of combined 
5'°C-CH, records from different laboratories in modelling studies”* 
may yield wrong conclusions. 

One way of merging data from different laboratories is by compar- 
ing their colocated observations at global background sites. With the 
aim of establishing representative long-term 5'°C-CHy, trends, we 
combine measurements from University of Washington, Seattle, 
USA*, University of Heidelberg (UHEI), Germany (unpublished), 
NIWA, New Zealand’ and INSTAAR/NOAA, USA‘, from the 
Antarctic coast (Neumayer, 71°S, 8°W and Scott Base, 78°S, 167°E, 
SBO) and the South Pole (SPO), Cape Grim, Tasmania (41°S, 144°E, 
CGO) and Baring Head, New Zealand (41°S, 175°E, BHD), to deter- 
mine mean 5'°C-CH, offsets between these laboratories (see Methods 
and Table 1). Estimated offsets are then applied to the data from two 
sites in the Northern Hemisphere, Mauna Loa, Hawaii (20°N, 156°W, 
MLO) and Barrow, Alaska (71°N, 157°W, BRW), where long-term 
measurements exist*®’ since 1988. 

Combined data for Antarctica (Fig. 1a), adjusted to the NIWA scale 
according to the values given in Table 1, show deviations from the 
calculated mean harmonic fit curves* in the range of uncertainties of 
individual analyses in the different laboratories (+ 0.05 to 0.15%b0, 1a). 
Whereas NIWA and INSTAAR records from Antarctica, starting in 
1992 (Scott Base) and 1998 (South Pole), can be extended backwards 
to 1988 with measurements from UHEI at Neumayer, outside 
Antarctica, that is, at Mauna Loa and Barrow, Alaska, only Quay 
et al.* data allow extending these records back to 1988. Their adjust- 
ment to the NIWA scale by —0.058%o was achieved with overlapping 
data at BHD from 1993-1995 (refs 4, 5). This offset corresponds to a 
scale difference of 0.074%o between the Quay ef al.* and the 
INSTAAR’ data. Note that disregarding this scale offset when evalu- 
ating combined records from Quay et al.* and INSTAAR’, as was done 
in earlier modelling studies”, yields an overestimation of the global 
long-term 5'°C-CH, trend in the last two decades by about 30%. 

Figure 1b shows the scale-adjusted long-term trends for BRW, 
MLO, 41°S, as well as for Antarctic sites. The calculated 3'°C-CH, 
IHD was then estimated according to Patra et al.” as the difference 
between the mean of BRW and MLO data (NH) minus the mean from 
41°S and Antarctica (SH) and is displayed in Fig. 1c. In contrast to Kai 
et al.', no significant change of the IHD is found between 1988 and 
2005. This implies that our data set is more consistent with the control 
scenario in the Kai et al.’ study, which assumes that both fossil fuel 


Table 1| Estimated offsets between 5"°CH, scales in the different 
laboratories and the NIWA scale given as Laboratory minus NIWA 
(uncertainty is 1o standard deviation) 


Laboratory — Latitude (stations) Overlapping period Difference with 
for comparison IWA 813CHg (%o) 
Ref. 4 41°S (Baring Head) 1993-1995 +0.058 + 0.004 
UHEI Antarctica (SBO/Neumayer) 1992-2008 —0.169 = 0.031 
INSTAAR — Antarctica (SBO/South Pole) 1998-2008 +0.132 + 0.022 
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BRIEF COMMUNICATIONS ARISING 


and microbial sources remained mostly constant during the time 
period in question. 


METHODS 


We estimated the laboratory differences of 813C-CH, between NIWA, INSTAAR 
and UHEI by comparing observations at SBO, Neumayer and SPO, as CHy 
gradients are not observed in Antarctica. Harmonic fit curves* were calculated 
through individual data sets (cut-off period: 54months). Mean differences 
between de-seasonalised trend curves for the overlapping observational periods 
were calculated. No long-term changes in these differences were found, justifying 
constant values for adjusting the three data sets (Table 1). For adjustment of the 
Quay et al.* data see main text. Overlapping measurements in 1990-1992 were 
disregarded due to as yet unexplained excursions in the NIWA data. 
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Kai, Tyler, Randerson & Blake reply 


REPLYING TO Levin, |. et al. Nature 486, http://dx.doi.org/10.1038/naturel1175 (2012) 


Levin et al.’ report new methane data from Antarctica measured at the 
University of Heidelberg and combine these data with observations 
from two other networks to estimate long-term trends and the 
interhemispheric difference (IHD) in methane isotopes. These obser- 
vations and the author’s analysis suggest that the 5'°C IHD has been 
mostly uniform over the last three decades. This contrasts with the 
Niwot Ridge, Baring Head and Pacific Ocean time series that we 
analysed’ and suggests that both fossil fuel and microbial sources 
remained mostly constant during the late 1980s and 1990s, following 
a trajectory of emissions that is more similar to the control scenario in 
our analysis (Fig. 2 and Supplementary Fig. 2 of Kai et al.*). The 
estimate of 5'°C inter-hemispheric difference is sensitive to different 
methods and selected observed sites. We note that the inter- 
hemispheric differences between Barrow and Cape Grim/Baring 
Head and between MLO and Cape Grim/Baring Head in Fig. 1 of 
Levin et al.’ were largest near the beginning of the record (circa 
1990) and are broadly consistent with comparisons we made in the 
Supplementary Information of our paper (Supplementary Fig. 9)’. 
Important next steps, in our opinion, are (1) to use all available obser- 
vations from both the Kai et al.” and Levin et al.’ studies to assess trends 
in methane isotopes and their dependence on the inclusion or exclu- 
sion of individual time series, and (2) to quantify changes in microbial 
and fossil sources consistent with the expanded set of observations 
presented by Levin et al.’. Even with a levelling off of both fossil and 
microbial sources during 1990-2005, our forward biogeochemical 
modelling analysis of rice agriculture provides evidence that emissions 
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from this sector of the budget declined as a consequence of changes in 
fertilizer application and water management. 

These two papers’” highlight the value of isotope observations in 
constraining the global methane budget. To understand more recent 
changes in the global methane budget, including the causes of increases 
in mixing ratio that have occurred after 2005, intensified commitment 
to long-term funding support and cross-network calibration is needed 
for this crucial set of carbon cycle observations. 
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No inter-hemispheric 5'°CH, trend observed 


ARISING FROM Kai, F. M., Tyler, S. C., Randerson, J. T. & Blake, D. R. Nature 476, 194-197 (2011) 


To understand the reasons for global CH, changes since the 1990s, 
Kai et al.' evaluated a combined record of observed tropospheric CH, 
mole fractions as well as 8’°C-CH, and 5D-CH, measurements from 
mid latitudes of both hemispheres. Their data set shows a strongly 
decreasing inter-hemispheric difference (IHD) in 3'3C-CH, from 
—0.24 + 0.11%0 during 1989-1993 to —0.10 + 0.04% during 2001- 
2005, which they largely attribute to decreasing rice emissions during 
the last two decades. Here we show that the experimental data used by 
Kai et al.‘ are probably biased because the authors used only one 
continental mountain station (Niwot Ridge, Colorado, USA) as rep- 
resentative of the entire Northern Hemisphere, thereby incorrectly 
determining the IHD of 5'°C-CH,. Our more comprehensive data 
set—representing background air in both hemispheres—shows that 
the IHD of §'°C-CH, has changed by less than 0.05%o since 1990; the 
conclusion drawn by Kai et al.’ of a significant reduction of NH 
microbial sources is, thus, not constrained by our data. 
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Figure 1 | Long-term trends in atmospheric '*CH,. a, Three data sets from 
different laboratories adjusted to a common scale (Table 1). Individual points 
indicate single samples (NIWA, UHEI) or daily mean values (INSTAAR) with 
1o error bars. The solid lines are harmonic curves fitted through the merged 
data set with and without seasonal cycle®. b, De-seasonalised trend curves for 
the adjusted and merged data sets from a and those from Barrow and Mauna 
Loa**”, as well as combined from Cape Grim and Baring Head**. The shaded 
areas are the mean standard deviations of the de-seasonalised data around the 
trend curves. c, Inter-hemispheric difference (IHD) calculated from the trend 
curves in b as the difference of BRW + MLO minus CGO/BHD + Antarctica 
(shaded area is the + 1o uncertainty of the IHD). 


Measuring stable isotopes in CH, with the precision needed for 
atmospheric CH, budgeting is difficult and only performed by a few 
laboratories worldwide. The large difference between atmospheric 
5'°C-CHy, (approximately —47%o) and the primary 5'°C standard 
(NBS-19, +1.95%o) places stringent requirements on a laboratory’s 
ability to maintain the integrity of an internal calibration scale over 
decades. Also modifications to analytical procedures are a potential 
source of bias in decade-long records. Without inter-laboratory 
comparisons, crucial for quality control, interpretation of combined 
5'°C-CH, records from different laboratories in modelling studies”* 
may yield wrong conclusions. 

One way of merging data from different laboratories is by compar- 
ing their colocated observations at global background sites. With the 
aim of establishing representative long-term 5'°C-CHy, trends, we 
combine measurements from University of Washington, Seattle, 
USA*, University of Heidelberg (UHEI), Germany (unpublished), 
NIWA, New Zealand’ and INSTAAR/NOAA, USA‘, from the 
Antarctic coast (Neumayer, 71°S, 8°W and Scott Base, 78°S, 167°E, 
SBO) and the South Pole (SPO), Cape Grim, Tasmania (41°S, 144°E, 
CGO) and Baring Head, New Zealand (41°S, 175°E, BHD), to deter- 
mine mean 5'°C-CH, offsets between these laboratories (see Methods 
and Table 1). Estimated offsets are then applied to the data from two 
sites in the Northern Hemisphere, Mauna Loa, Hawaii (20°N, 156°W, 
MLO) and Barrow, Alaska (71°N, 157°W, BRW), where long-term 
measurements exist*®’ since 1988. 

Combined data for Antarctica (Fig. 1a), adjusted to the NIWA scale 
according to the values given in Table 1, show deviations from the 
calculated mean harmonic fit curves* in the range of uncertainties of 
individual analyses in the different laboratories (+ 0.05 to 0.15%b0, 1a). 
Whereas NIWA and INSTAAR records from Antarctica, starting in 
1992 (Scott Base) and 1998 (South Pole), can be extended backwards 
to 1988 with measurements from UHEI at Neumayer, outside 
Antarctica, that is, at Mauna Loa and Barrow, Alaska, only Quay 
et al.* data allow extending these records back to 1988. Their adjust- 
ment to the NIWA scale by —0.058%o was achieved with overlapping 
data at BHD from 1993-1995 (refs 4, 5). This offset corresponds to a 
scale difference of 0.074%o between the Quay ef al.* and the 
INSTAAR’ data. Note that disregarding this scale offset when evalu- 
ating combined records from Quay et al.* and INSTAAR’, as was done 
in earlier modelling studies”, yields an overestimation of the global 
long-term 5'°C-CH, trend in the last two decades by about 30%. 

Figure 1b shows the scale-adjusted long-term trends for BRW, 
MLO, 41°S, as well as for Antarctic sites. The calculated 3'°C-CH, 
IHD was then estimated according to Patra et al.” as the difference 
between the mean of BRW and MLO data (NH) minus the mean from 
41°S and Antarctica (SH) and is displayed in Fig. 1c. In contrast to Kai 
et al.', no significant change of the IHD is found between 1988 and 
2005. This implies that our data set is more consistent with the control 
scenario in the Kai et al.’ study, which assumes that both fossil fuel 


Table 1| Estimated offsets between 5"°CH, scales in the different 
laboratories and the NIWA scale given as Laboratory minus NIWA 
(uncertainty is 1o standard deviation) 


Laboratory — Latitude (stations) Overlapping period Difference with 
for comparison IWA 813CHg (%o) 
Ref. 4 41°S (Baring Head) 1993-1995 +0.058 + 0.004 
UHEI Antarctica (SBO/Neumayer) 1992-2008 —0.169 = 0.031 
INSTAAR — Antarctica (SBO/South Pole) 1998-2008 +0.132 + 0.022 
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BRIEF COMMUNICATIONS ARISING 


and microbial sources remained mostly constant during the time 
period in question. 


METHODS 


We estimated the laboratory differences of 813C-CH, between NIWA, INSTAAR 
and UHEI by comparing observations at SBO, Neumayer and SPO, as CHy 
gradients are not observed in Antarctica. Harmonic fit curves* were calculated 
through individual data sets (cut-off period: 54months). Mean differences 
between de-seasonalised trend curves for the overlapping observational periods 
were calculated. No long-term changes in these differences were found, justifying 
constant values for adjusting the three data sets (Table 1). For adjustment of the 
Quay et al.* data see main text. Overlapping measurements in 1990-1992 were 
disregarded due to as yet unexplained excursions in the NIWA data. 
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Kai, Tyler, Randerson & Blake reply 


REPLYING TO Levin, |. et al. Nature 486, http://dx.doi.org/10.1038/naturel1175 (2012) 


Levin et al.’ report new methane data from Antarctica measured at the 
University of Heidelberg and combine these data with observations 
from two other networks to estimate long-term trends and the 
interhemispheric difference (IHD) in methane isotopes. These obser- 
vations and the author’s analysis suggest that the 5'°C IHD has been 
mostly uniform over the last three decades. This contrasts with the 
Niwot Ridge, Baring Head and Pacific Ocean time series that we 
analysed’ and suggests that both fossil fuel and microbial sources 
remained mostly constant during the late 1980s and 1990s, following 
a trajectory of emissions that is more similar to the control scenario in 
our analysis (Fig. 2 and Supplementary Fig. 2 of Kai et al.*). The 
estimate of 5'°C inter-hemispheric difference is sensitive to different 
methods and selected observed sites. We note that the inter- 
hemispheric differences between Barrow and Cape Grim/Baring 
Head and between MLO and Cape Grim/Baring Head in Fig. 1 of 
Levin et al.’ were largest near the beginning of the record (circa 
1990) and are broadly consistent with comparisons we made in the 
Supplementary Information of our paper (Supplementary Fig. 9)’. 
Important next steps, in our opinion, are (1) to use all available obser- 
vations from both the Kai et al.” and Levin et al.’ studies to assess trends 
in methane isotopes and their dependence on the inclusion or exclu- 
sion of individual time series, and (2) to quantify changes in microbial 
and fossil sources consistent with the expanded set of observations 
presented by Levin et al.’. Even with a levelling off of both fossil and 
microbial sources during 1990-2005, our forward biogeochemical 
modelling analysis of rice agriculture provides evidence that emissions 
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from this sector of the budget declined as a consequence of changes in 
fertilizer application and water management. 

These two papers’” highlight the value of isotope observations in 
constraining the global methane budget. To understand more recent 
changes in the global methane budget, including the causes of increases 
in mixing ratio that have occurred after 2005, intensified commitment 
to long-term funding support and cross-network calibration is needed 
for this crucial set of carbon cycle observations. 
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SOLAR PHYSICS 


Swirls in the corona 


Observations made by NASA’s Solar Dynamics Observatory have been used to identify signatures of a conduit through 
which energy could be transported from the surface of the Sun into its corona. SEE LETTER P.505 


STEPHEN J. BRADSHAW 


he Sun’s outer atmosphere is called the 
corona (Fig. 1). It can be observed by eye 
during solar eclipses, when the Moon 
blocks the bright disk of the Sun, as a wispy 
halo of gas. One of the most surprising proper- 
ties of the corona is that it is hundreds of times 
hotter than the surface of the Sun. To under- 
stand how this can be so, we must discover the 
source of the energy that heats the corona, how 
that energy is transported into the corona and 
how it is dissipated. For example, do waves of 
energy surge away from the surface and travel 
along magnetic-field lines to the corona? Or do 
these field lines behave more like elastic bands, 
becoming twisted and tangled by surface flows, 
then snapping and reconnecting? On page 505 
of this issue, Wedemeyer-Bohm et al.' present 
results that may shed light on this puzzle. 

The high temperatures associated with the 
Sun’s corona have made explaining its exist- 
ence one of the most long-standing problems 
in astrophysics. In 1869, William Harkness 
and Charles Young, while independently 
making observations of the corona during an 
eclipse, discovered a spectral emission line 
at 530.3 nanometres in the green part of the 
visible spectrum, and yet no known chemical 
emitted a spectral line at this wavelength. The 
mystery of this line’s provenance persisted for 
70 years before the combined efforts of Walter 
Grotrian and Bengt Edlén identified a highly 
charged state of iron (Fe’**) as responsible (see, 
for example, ref. 2). 

Their discovery provoked a further ques- 
tion. An iron atom in the corona can be 
stripped of 13 electrons when each one is 
knocked out of its bound orbit by colliding 
with a free electron. The energy needed by the 
free electron to release the thirteenth bound 
electron corresponds’ to a gas temperature 
of 2 million kelvin. The surface temperature 
of the Sun is a ‘mere’ 5,800 kelvin. How could 
the corona be more than 300 times hotter than 
this? It is a measure of the difficulty of this 
question that its answer has eluded scientists 
for longer than the 70 years that it took to solve 
the original problem. 

One challenge has been to detect visible sig- 
natures of the transport of mass and energy to 
the corona that can be unambiguously linked 
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Figure 1 | The halo effect. Wedemeyer-Béhm et al.' have discovered swirling motions of gas in the solar 
corona, which is seen here in an image taken by the Atmospheric Imaging Assembly instrument on board 
NASAs Solar Dynamics Observatory. These motions of coronal gas seem to be connected to swirling gas 

at the Sun's surface. 


to the mechanisms that have been proposed to 
create and sustain it. Wedemeyer-Béhm and 
colleagues’ results may offer one such signa- 
ture. The authors have analysed observations 
made by the Atmospheric Imaging Assembly* 
on board NASA’s space-based Solar Dynam- 
ics Observatory, and have detected vortex-like 
flows, or ‘swirls, of coronal gas at temperatures 
of around 1 million kelvin. It is known that 
vortex flows of gas at the Sun's surface arise 
through thermal convection in the layer below. 
By identifying a coronal counterpart to these 
swirls, Wedemeyer-Béhm et al. have found 
evidence that the surface and coronal vortices 
are connected. 

Visually, the entire structure resembles 
a super-tornado. The connection between 
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these swirling layers is provided by the Sun’s 
magnetic field. The field lines pass through 
the surface of the Sun, where they are forced 
to follow the swirling motions of the gas, and 
extend into the corona. The tension in the field 
lines transmits the swirling motions from the 
surface into the corona, where the gas is forced 
to follow the field; swirling gas at the surface 
then gives some of its energy to drive swirling 
gas in the corona. The field lines are not per- 
fectly vertical, and the vortex flow gives rise to 
a centrifugal force that accelerates gas along 
the field lines, so that it follows a spiral trajec- 
tory up into the corona. 

In summary, Wedemeyer-Bohm et al. have 
observed connected swirls of gas, at tem- 
peratures from a few thousand to more than 


SDO/NASA 


1 million kelvin, that are signatures of mass 
and energy transport from the surface of the 
Sun into the corona. The authors have calcu- 
lated that the swirling motions can transport 
sufficient energy to satisfy the heating require- 
ments of the corona, and they have connected 
them with a known energy source — the con- 
vective motions of the Sun’s interior, which are 
in turn driven by the heat generated in nuclear 
reactions at the core. 

Wedemeyer-Bohm and colleagues’ find- 
ings apply to the quiet (non-flaring) Sun. But 
it is less clear what role the authors’ proposed 
energy-transport mechanism has in sunspots 
(areas of intense magnetic activity that are 
cooler, and hence darker, than the typical sur- 
face temperature of the Sun), and in the active 
regions overlying sunspots. In these regions, 
the energy requirements for heating are greater 
and the magnetic field is strong enough to 
inhibit the convection associated with the 
surface swirling motions. In addition, it is not 


known how the transported energy can be dis- 
sipated as heat in the corona. The authors have 
identified 14 super-tornadoes, from which 
they estimate that a total of slightly more than 
10,000 are continuously present in the quiet 
Sun — although more observed cases would be 
necessary for greater confidence in this num- 
ber. Nonetheless, the great potential of these 
results for contributing towards a resolution 
of the coronal heating problem will encourage 
the pursuit of related investigations. m 
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A healthy diet for 


stem cells 


Understanding how a low calorie intake slows ageing could revolutionize the way 
that we treat age-related diseases. One potential key to such treatments could be 
to enhance the local environment of stem cells. SEE ARTICLE 2.490 


FRESNIDA J. RAMOS & MATT KAEBERLEIN 


ecreased calorie ingestion, without 
Dantmsstes extends lifespan and 

promotes healthy ageing in many 
animals’. Although the mechanisms behind 
these effects are still being determined, calo- 
rie restriction may act, at least in part, by pre- 
serving the functions of stem cells — cells that 
are capable of self-renewal and that have the 
potential to develop into organ-specific cell 
types” *. Two studies, one by Yilmaz et al.° 
on page 490 of this issue and another by 
Cerletti et al.° in Cell Stem Cell, shed light on 
how calorie restriction could influence lon- 
gevity and health in adult mice. Although 
one paper focused on intestinal tissue and the 
other on muscle, both conclude that the ben- 
eficial effects of calorie restriction on stem-cell 
function are mediated by changes in the cells’ 
microenvironment, the stem-cell niche. 

A central player in calorie restriction is the 
protein mTOR (ref. 7). In association with 
other proteins, mTOR forms two complexes 
known as mTORC1 and mTORC2. The 
mTORCI1 complex acts in a signalling path- 
way that regulates many cellular functions’, 
including translation of messenger RNAs into 


proteins, the activity of mitochondria (the 
cell’s powerhouses), and autophagy (a pro- 
cess by which cells dismantle and recycle their 
own components). Calorie restriction inhibits 
mTORC1 activity, and experimental inhibition 
of the mTORCI pathway extends lifespan in 
yeast, worms, flies and mice’. Rapamycin — a 
drug that inhibits mTORC1 — also promotes 
longevity in several organisms, including 
middle-aged mice’. These findings have led 
to speculation that rapamycin could mimic 
calorie restriction and slow the progression of 
age-related maladies in humans”. 

Yilmaz et al.° provide convincing evidence 
that the preservation of intestinal stem cells 
(ISCs) by calorie restriction is a direct result of 
reduced mTORCI signalling. Interestingly, it is 
not the mTORCI pathway within the ISCs that 
seems to be the most important. Instead, the 
dietary intervention inhibits mTORCI signal- 
ling in adjacent specialized cells termed Paneth 
cells; this results in changes to the local micro- 
environment that improve ISC function and 
that lead to increased numbers of both ISCs 
and Paneth cells. 

When the authors cultured ISCs with 
Paneth cells that had been obtained from 
calorie-restricted animals, the ISCs were 
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more likely to form organoid bodies — ‘mini- 
organs’ that contain stem cells and other cell 
types typical of intestinal epithelial tissue — 
than when they were cultured with Paneth 
cells from non-restricted animals. The 
researchers further showed that mTORC1- 
mediated regulation of the Bst1 gene, which 
encodes a protein that promotes cell pro- 
liferation in bone marrow, is essential for 
these effects. Accordingly, calorie restriction 
increased Bst1 expression in Paneth cells. 

Taking a similar approach, Cerletti et al.° 
found that calorie restriction increased the 
number and the regenerative potential of 
skeletal-muscle stem cells (MSCs, also known 
as satellite cells) in both young and aged mice. 
After three months on a reduced-calorie diet, 
the animals had more MSCs per muscle fibre 
than did control mice. Moreover, the treated 
animals’ MSCs showed enhanced regenerative 
capacity when transplanted into the injured 
muscles of untreated animals. Therefore, 
calorie restriction seems to exert at least some 
of its effects on MSC function directly. Such 
effects may be mediated by alterations in mito- 
chondrial activity. Mitochondria use oxygen to 
generate energy, and the authors observed that 
MSCs from calorie-restricted mice had more 
mitochondria and a higher oxygen consump- 
tion rate than did MSCs from control animals. 

Similarly to Yilmaz and colleagues’ observa- 
tions with ISCs, calorie restriction also influ- 
enced MSC function indirectly by promoting 
amore favourable stem-cell environment. This 
is evidenced by the fact that MSCs isolated 
from control mice showed enhanced muscle 
engraftment when transplanted into calorie- 
restricted animals. Cerletti et al. propose that 
reduced inflammation — a hallmark of calo- 
rie restriction — may be crucial for enabling 
MSCs to efficiently regenerate damaged tissue. 
Although the authors did not test this hypoth- 
esis, reduced activity of mTORC1 (which is 
known to modulate inflammation) might also 
underlie this aspect of enhanced MSC function 
following calorie restriction. 

Taken together, the two studies indicate that 
preserving and enhancing stem-cell function 
in multiple tissues is one of the ways in which 
calorie restriction slows the ravages of age- 
ing. The studies also suggest that short-term 
calorie restriction or fasting, or compounds 
such as rapamycin that target mTORCI1, 
might enhance the efficacy of stem-cell thera- 
pies. Rapamycin-derived drugs are already in 
use to prevent organ rejection in transplant 
patients, to reduce undesirable cell prolifera- 
tion after angioplasty (a surgical procedure 
for repairing or unblocking a blood vessel), 
and as a treatment for some forms of cancer’. 
Thus, inhibition of mTORC1 may have dual 
protective effects — preventing aberrant cell 
multiplication associated with disease, and 
improving the ability of stem cells to repair 
and to maintain tissues. 

Important questions remain, however. Both 
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studies examined only relatively short-term 
calorie restriction, and whether dietary inter- 
vention at a young age will confer protection 
against age-related disease later in life remains 
uncertain. It will also be important to deter- 
mine the extent to which mTORC1 inhibition 
can match the effects of calorie restriction. 
Yilmaz et al. showed that treating mice with 
rapamycin for a week was sufficient to increase 
the abundance of ISCs. Furthermore, they 
observed that Paneth cells from rapamycin- 
treated mice stimulated ISCs (which had been 
isolated from rapamycin-treated or untreated 
animals) to form organoid bodies in vitro, just 
as those from calorie-restricted animals did. 

Will rapamycin have similar effects on other 
adult stem cells, or on their niches? Although 
this remains to be tested in MSCs, mTORC1 
is known to influence the function of haema- 
topoietic (blood-forming) stem cells'’. In 
mouse models of autoimmune disease, defects 
in haematopoietic stem cells are at least partly 
due to increased mTORC1 activity, and rapa- 
mycin treatment can increase the numbers of 
bone-marrow cells and partly restore haema- 
topoietic activity in these animals. 

In spite of these open questions, the stud- 
ies by Yilmaz et al. and Cerletti et al. empha- 
size the vital role of the stem-cell niche for the 
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response of stem cells to calorie restriction. 
Moreover, they support the hypothesis that 
appropriate regulation of mTORCI signalling 
could be crucial for maintaining stem-cell 
function during ageing. m 
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Directors extend 


their reach 


Controlling the positions at which chemical groups attach to benzene rings is vital 
for the synthesis of materials and medicines. A reaction that targets a normally 
inaccessible position takes chemists closer to this goal. SEE LETTER P.518 


MATTHEW O. KITCHING & VICTOR SNIECKUS 


August Kekulé proposed that benzene 

has a ring-like molecular structure, alleg- 
edly after a dream containing the vivid visual 
metaphor of a serpent seizing its own tail’. 
Ever since then, aromatic molecules — those 
that contain benzene or benzene-like rings 
of atoms — have fuelled the imagination of 
organic chemists. From aspirin to Viagra, Kev- 
lar to car seats, and polystyrenes to sunscreens, 
aromatic rings decorated with other chemical 
groups are now an intrinsic part of life. Yet 
despite the prevalence of such compounds, 
‘regioselective’ reactions that allow groups 
to be placed at specific positions on benzene 
rings are often difficult to achieve. On page 518 
of this issue, Yu and colleagues” report a con- 
ceptually new method for attaching groups at 
the ‘meta-positior of electron-rich benzene 


E 1865, the German chemist Friedrich 
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rings, in which a metal catalyst is guided to 
this difficult-to-access position. 

The root of the regioselectivity problem 
is taught to chemistry students in their first 
organic chemistry course at university, in 
studies of classical electrophilic aromatic- 
substitution reactions — the most widely 
used reactions for attaching groups to ben- 
zene rings. To explain further, let us begin with 
some basic terminology. In a benzene ring, 
the carbon atoms on either side of the point 
of attachment of a chemical group are said to 
be in the ortho-positions; the next two around 
the ring are in the meta-positions; and the car- 
bon atom on the other side of the ring from the 
attached group is in the para-position (Fig. 1a). 
Ifa group attached to benzene releases elec- 
trons to the aromatic ring, that group promotes 
the attachment of electrophilic groups (those 
that are attracted to electron-rich regions of 
molecules) at the ortho- and/or para-positions 
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of the ring, with varying degrees of selectivity. 

Although such reactions have been 
extremely useful, the inherent lack of control 
of ortho- versus para-selectivity can lead to 
an unwelcome mixture of isomeric products. 
Furthermore, when both electron-releasing 
and electron-withdrawing groups are attached 
to benzene, the electronic ‘tug-of-war’ between 
them often makes it difficult to predict where 
electrophilic groups will attach to the ring, 
so that the actual outcome can be found only 
through experimentation. Other widely used 
methods for functionalizing (attaching groups 
to) aromatic molecules, such as nucleophilic 
aromatic substitution and vicarious nucleo- 
philic substitution’, are similarly subject to 
these strong electronic effects. 

Powerful approaches have been evolved 
that enable impressively selective ortho-func- 
tionalization of benzene rings; these include 
directed ortho-metalation reactions** and 
directed C-H activation strategies. In such 
processes, a group attached to the ring guides 
an incoming base (in the case of metalations) 
or a metal catalyst (in C-H activations) to the 
neighbouring position (Fig. 1b). The directing 
groups in both of these processes are attached 
either directly to the aromatic ring or through 
a linker, and they usually contain electron- 
rich atoms that chelate (bind to) the base or 
the metal catalyst. Processes in which reactive 
sites are ‘walked’ around the ring, and in which 
groups are attached sequentially at the ortho-, 
meta- and para-positions of a directing group, 
are particularly valuable examples of multiple 
directed ortho- metalations’. 

By comparison, selective meta-function- 
alization of electron-rich aromatic rings 
has proved more challenging. Resourceful 
approaches have been developed for specific 
cases*’°, but with the possible exception of 
seminal work from Matthew Gaunt’s group’, 
ageneral solution to this problem has not been 
found. 

On the basis of a previous study’* demon- 
strating that the geometrically linear nitrile 
(CN) group can chelate metal atoms ‘end-on, 
Yu and co-workers’ offer a fresh approach 
to meta-functionalization (Fig. 1c). They 
designed special linkers to connect nitrile 
groups to aromatic rings. The linkers allow the 
nitrile to chelate a metal in such a way that the 
metal can ‘grab’ hydrogen atoms from meta- 
positions, enabling other groups to be attached 
there. The authors demonstrated that both the 
nitrile group and the bulkiness of the linkers 
were essential for success, supporting their 
chelation-control model. 

Yu and colleagues obtained the most impres- 
sive results with a benzyl ether linker (Fig. 1d), 
which enabled bulky di- and tri-substituted 
alkenes (compounds in which two or three 
groups are attached to a carbon-carbon dou- 
ble bond) to be attached to the meta-position 
of a benzene ring. Such substrates are diffi- 
cult to use in ortho-directed C-H activation 
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Figure 1 | Site-selective reactions of benzene. 

a, When a benzene ring has a chemical group 

(R) attached, the carbon atoms in the ring are 
defined as being in the ortho-, meta- and para- 
positions, depending on their relationship to the 
point of attachment. If R is an electron-donating 
group, classical reactions of benzene rings attach 
electrophiles (E*, compounds that are attracted 

to electron-rich regions of molecules) to the 
ortho- and/or para-positions, which can lead to 
undesirable mixtures of isomeric products. b, In 
directed ortho-metalation reactions and C-H 
activation reactions, a ‘directing’ group (DG) 
guides metal atoms (M) only to the ortho-position; 
the broken line indicates the directing effect. The 
metal is then displaced by a different group to form 
a final product (not shown). For ortho-metalation, 
Mis lithium or magnesium; for ortho-C-H 
activation, M is palladium, copper, rhodium, 
ruthenium or iridium. c, Yu and colleagues” have 
designed benzene-containing systems in which 
removable linker units bear groups that guide 
metal atoms to the meta-position. M is palladium. 
d, The first of their linkers attaches to benzene 
through an oxygen atom; the resulting compound 
is known as a benzyl ether. The second linker 
attaches through an amide bond (N-CO). Nitrile 
groups (CN) act as the directing groups in both 
cases. The carbon-hydrogen bond activated in 
the authors’ reactions is shown in green. t-Buisa 
tertiary butyl group, C(CH)),. 


reactions, presumably because the directing 
group blocks the approach of bulky alkenes. 
In Yuand colleagues’ reactions, however, more 
space is available around the meta-position, 
allowing reactions with these large alkenes to 
occur. 

Having demonstrated that their innova- 
tive reaction works with a reasonable range 


of substrates, the authors went on to solve the 
problem of how to remove the linkers'* once 
meta-functionalization has occurred. This is 
necessary because molecules used as pharma- 
ceuticals or materials do not have such linker 
groups in their structures. The researchers 
found that the benzyl ether can be removed by 
reacting it with hydrogen, whereas the other 
linker (an amide; Fig 1d) can be removed by 
treating it with a base in water. In the latter 
case, the cleaved linker survives the removal 
conditions, allowing it to be reclaimed and 
reused, further adding to the value of this 
approach for meta-functionalization. Yu and 
colleagues demonstrated the synthetic useful- 
ness of their method by meta-functionalizing a 
derivative of the drug baclofen, opening up the 
possibility of using the technique to make ana- 
logues of other known drugs and so to generate 
new, potentially biologically active molecules. 

Although the preliminary nature of these 
results prevents any definitive analysis, a com- 
parison with Gaunt’s meta-functionalization 
technique’ is appropriate and valuable. The 
huge size of Yu and colleagues’ linkers is a cur- 
rent drawback, because it limits the practicality 
and scalability of the method compared with 
Gaunt'’s procedure — although this issue will 
undoubtedly be addressed by the researchers. 
On the other hand, Gaunt’s method requires 
reagents (hypervalent iodine compounds) that 
need to be prepared in advance, whereas Yu 
and colleagues’ process uses more easily avail- 
able alkenes. 

Such criticisms, however, should not detract 
from both groups’ great achievements: the 
development of powerful methods for the 
meta-functionalization of electron-rich aro- 
matic rings. These methods open up many 
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opportunities for the synthesis of aromatic 
compounds, and perhaps also of hetero- 
aromatic compounds — benzene-like com- 
pounds that incorporate nitrogen, oxygen and 
sulphur atoms in their rings. Yu and colleagues’ 
chelation-driven approach to obtaining meta- 
selective reactions will undoubtedly be eagerly 
pursued in the hope of developing other 
ways to selectively functionalize aromatic 
molecules. = 
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A false sense of non-self 


A drug used for HIV treatment can alter the set of antigens that activates T cells 
of the immune system, thereby triggering life-threatening reactions against the 


body’s own proteins. SEE LETTER P.554 


ELLIS L. REINHERZ 


he drug abacavir can be an effective 

treatment for HIV but it is also asso- 

ciated with an autoimmune response 
in 5-10% of patients’. These hypersensitivity 
reactions, which include fever, rash and gas- 
trointestinal problems, mandate immediate 
drug cessation to prevent the emergence 
of life-threatening symptoms. It has previ- 
ously been reported’* that abacavir hyper- 
sensitivity syndrome occurs in patients who 
express one particular major histocompat- 
ibility complex (MHC) class I protein, and 
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genetic screening for this protein variant is 
an effective way to avoid this adverse drug 
reaction’, In an elegant study on page 554 of 
this issue, Illing et al.° reveal the molecular 
basis of this response, showing that abacavir 
alters the repertoire of antigens that activate 
the immune system. 

T cells are immune cells that allow the body 
to distinguish abnormal or foreign cells from 
normal cells. The ability of T cells to discrimi- 
nate between ‘self’ and ‘non-self’ is endowed 
by surface-bound T-cell receptors (TCRs)°*. 
In any mammal, there are millions to bil- 
lions of T cells, each with a slightly different 
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TCR structure that confers a unique antigen- 
binding specificity. However, TCRs recognize 
antigens only when these are bound to MHC 
receptors on the surface of other cells. These 
MHC molecules display an array of antigen 
peptides that provides a snapshot of the cell’s 
internal composition. Aberrant cellular pro- 
cesses, such as viral infection, are reflected by 
alterations in the antigens that are displayed. 
When a T cell recognizes a variant peptide 
(one derived from a viral protein, for example), 
cellular signalling pathways are initiated that 
cause the T cell to proliferate and to differen- 
tiate. When activated in this manner, T cells 
called CD8* T cells eliminate the cells express- 
ing these abnormal antigens’ (Fig. 1a). T cells 
are able to detect a variant peptide even if just 
a few copies are present among the hundreds 
of thousands of normal self peptides that are 
displayed by the cell-surface MHC receptors’. 

In humans, the MHC molecules are called 
HLA proteins, and different people express 
versions encoded by different gene variants 
(alleles). In general, peptides associate with 
HLA molecules by inserting parts of their 
amino-acid residues into a set of six binding 
pockets (termed A-F) in the HLA’. The struc- 
ture of these pockets is highly allele-specific, 
thereby dictating peptide-binding preferences 
for each HLA molecule. Iling et al. show that 
abacavir binds directly to the F pocket of 
one of these proteins, HLA-B*57:01, but that 
the drug does not bind to the closely related 
molecule HLA-B*57:03, which is not linked 
to abacavir hypersensitivity. 

Illing and colleagues also reveal that the 
binding of abacavir to HLA-B*57:01 alters 
the F pocket’s binding preference for side 
chains of the amino acids tryptophan or phe- 
nylalanine, so as to include those of the amino 
acids isoleucine and leucine. By determining 
the amino-acid sequences of almost 2,500 
HLA-B*57:01-bound peptides, the research- 
ers demonstrated an enormous shift in pep- 
tide presentation: 20-25% of the peptides 
bound by the HLA molecule following drug 
treatment differed from those that bound 
beforehand. The authors observed no such 
drug-induced change in the peptides that 
bound to HLA-B*57:03. 

These data imply that HLA-B*57:01 and 
abacavir form a complex before the HLA 
molecules are loaded with peptides inside the 
cell, thereby altering the pool of self peptides 
that are bound to the HLA and displayed on 
the cell surface for CD8* T-cell recognition. 
This shift in the specific HLA-associated cell- 
surface-peptide display leads to the activation 
of different CD8" T cells (Fig. 1b). However, 
the authors detected no obvious skewing 
towards a single CD8* T-cell population, or 
clone, being activated by the altered range of 
peptides. Instead, they observed responses 
by many different CD8* T cells (polyclonal- 
ity). This is in keeping with a previous study” 
that revealed broad-scale activation of CD8* 
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Figure 1 | Mistaken identity. a, In the cytoplasm of most human cells, self proteins and foreign proteins, 
such as those from a virus that has infected a cell, are cleaved into multiple peptides by a complex called 
the proteasome. A subset of these peptides is then carried by TAP proteins to an organelle called the 
endoplasmic reticulum. Here, an even more limited set of peptides are loaded onto HLA molecules, 
which are transported to the cell surface. These surface-displayed HLA-peptide complexes are 
recognized by T-cell receptors (TCRs) on the surface of immune cells called T cells. Any T cells with 
TCRs that recognize HLA-self-peptide complexes are destroyed during T-cell development, such that 
only T cells with TCRs specific for foreign antigens survive. b, Illing et al.* show that the anti-HIV drug 
abacavir binds to a specific HLA molecule and alters its peptide-binding characteristics, causing the HLA 
molecule to load and display a new range of peptides on the cell surface. Because this repertoire includes 
self peptides that were not displayed during T-cell development, the immune system contains some 

T cells that can recognize these antigens and launch an immune attack against the cell. 


T cells as the cellular basis of abacavir hyper- 
sensitivity reactions. 

To examine the structural cause of the 
change in bound peptides, the authors re- 
folded the HLA-B*57:01 protein in the 
presence of abacavir and a self peptide that 
binds to the HLA molecule only after drug 
treatment. They then compared the X-ray 
crystallographic structure of the resulting 
HLA-B*57:01-self- peptide complex with 
that of a different HLA-B*57:01-self-peptide 
complex that forms in the absence of abacavir. 
The researchers found that part of the drug, 
the cyclopropyl moiety, protrudes into the 
HLA molecule’s F pocket, reducing the pock- 
et’s size, which accounts for its preferred bind- 
ing of smaller amino acids following drug 
exposure. The structures also revealed that 
abacavir binds to the two amino-acid residues 
that are unique to the HLA-B*57:01 molecule, 
thereby explaining the drug’s allele specificity. 

This shift in the bound-peptide repertoire 
is a plausible explanation for drug-induced 
hypersensitivity. As T cells develop in the 
thymus, TCRs are randomly generated bya 
process of gene rearrangement. A mechanism 
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referred to as negative selection” ensures that 
any developing T cell expressing a receptor 
that strongly recognizes self peptides bound 
to self- MHC molecules is destroyed, whereas 
T cells that lack self-reactivity but that have 
the potential to recognize foreign antigens 
survive. 

Some self peptides are never encoun- 
tered during T-cell development but can be 
exposed during pathological conditions” 
— when this occurs, a situation of ‘mistaken 
identity’ can arise, in which the self peptides 
are perceived as foreign by the immune sys- 
tem. For example, the eye is an immune privi- 
leged site, such that some ocular proteins are 
hidden from the immune system. However, 
if these proteins are released into the body 
— as occurs following a traumatic eye injury 
— T cells are activated, leading to inflamma- 
tion in both the injured and uninjured eyes. 
This condition, referred to as sympathetic 
ophthalmia, can result in catastrophic blind- 
ness. It seems that the autoimmune response 
associated with abacavir treatment stems 
from a similar effect — the exposure of self 
peptides attached to HLA-B*57:01 that are 


not normally associated with this molecule 
leads T cells to perceive these self peptides 
as foreign. 

This false sense of non-self is not restricted 
to abacavir. Illing et al. show that the anti- 
convulsive drug carbamazepine, which is 
associated with hypersensitivity responses 
in patients with the HLA-B*15:02 allele, 
also binds to that HLA molecule and alters 
its set of associated peptides. The awareness 
engendered by this study is likely to result in 
many more examples of known drug-HLA 
associations” being linked to similar auto- 
immune mechanisms. If so, it may become 
desirable to screen patients for their HLA 
alleles before choosing drugs for treatment. 
By extension, it is possible that organ-specific 
drug-metabolism processes might limit the 
altered HLA-peptide display to specific cell 
types, and thus limit the resulting immune 
reaction to certain organs, such as the liver, 
kidneys or bone marrow. 

Finally, it is worth considering that envi- 
ronmental toxins and other chemicals could 
also interact with HLA molecules. The genes 
that encode HLA are extremely variable — at 
the last count, there were 4,269 different HLA 
(-A,-B and -C) variants referred to as MHC 
class I molecules’. This diversity is believed to 
have evolved owing to the selection pressures 
imposed by infectious pathogens”, but it also 
seems to afford ample opportunity for HLA 
interactions with drugs and other molecules. 
Similar drug interactions undoubtedly exist 
for the other class of HLA molecules (MHC 
class II, with -DR, -DP and -DQ types) that 
binds peptides recognized by CD4* T cells. 
The field of pharmacogenetics is going 
to expand and, in so doing, redefine our 
understanding of the basis of many forms of 
autoimmunity. m 
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Genes and human 
brain evolution 


Several genes were duplicated during human evolution. It seems that one such 
duplication gave rise to a gene that may have helped to make human brains 
bigger and more adaptable than those of our ancestors. 


DANIEL H. GESCHWIND 
& GENEVIEVE KONOPKA 


he decoding of the human and chim- 

panzee genomes was heralded as an 

opportunity to truly understand how 
changes in DNA resulted in the evolution of 
our cognitive features. However, more than 
a decade and much detective work later, the 
functional consequences of such changes 
have proved elusive, with a few exceptions’”. 
Now, writing in Cell, Dennis et al. 3 and Charrier 
et al.* describe the evolutionary history and 
function of the human gene SRGAP2 and 
provide evidence for molecular and cellular 
mechanisms that may link the gene's evolution 
with that of our brain*. 

It was already known that SRGAP2 is 
involved in brain development? and that 
humans have at least three similar copies of 
the gene, whereas non-human primates carry 
only one’. However, the study of duplicated, 
or very similar, segments of DNA is hampered 
by the fact that most human cells carry two 
sets of chromosomes (one inherited from each 
parent), which makes it difficult to distinguish 
duplicated copies from the different parental 
forms of the gene. To circumvent this problem, 
Dennis et al.* searched for copies of SRGAP2 
in the genome of a hydatidiform mole — an 
abnormal, non-viable human embryo that 
results from the fusion of a sperm with an egg 
that has lost its genetic material; it therefore has 
chromosomes derived from a single parent. 

The authors showed that humans carry 
four non-identical copies (named A-D) of 
SRGAP2 at different locations on chromo- 
some 1. By comparing the genes’ sequences 
with that of the SRGAP2 gene from the orang- 
utan and chimpanzee, the authors estimated 
that SRGAP2 was duplicated in the human 
lineage about 3.4 million years ago, resulting 
in SRGAP2A (the ancestral version that we 
share with other primates) and SRGAP2B. 
Further duplications of SRGAP2B gave rise to 
SRGAP2C about 2.4 million years ago and to 
SRGAP2D about 1 million years ago (Fig. 1a). 

Dennis et al. found that SRGAP2B and 
SRGAP2D are expressed at much lower levels, 


*This News & Views article was published online on 
20 June 2012. 
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and are more prone to sequence variations 
among humans, than are the A and C copies. 
They therefore suggest that SRGAP2C might 
have played a major part in the emergence of 
the Homo lineage 2 million to 3 million years 
ago, when human brain specializations (such 
as those leading to the development of lan- 
guage, social cognition and problem solving) 
were probably evolving. 
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Figure 1 | Evolution and function of a human 
gene. a, Dennis et al.’ and Charrier et al.* detail 
how the SRGAP2 gene, which is found as a 

single copy in the genomes of most mammals, 
was duplicated three times during the evolution 
of human ancestors to give rise to four similar 
versions of the gene, named A-D. b, Charrier 

et al. demonstrate that the ‘ancestral’ version, 
SRGAP2A, stimulates the maturation of dendritic 
spines (protuberances) on the surfaces of neurons, 
whereas SRGAP2C promotes an increased number 
of immature spines in humans. This development 
might have contributed to the evolution of human 
cognitive abilities. 
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In a complementary study, Charrier 
and colleagues’ investigated the role of the 
SRGAP2 genes in the development of spines 
— not those that permit us to walk upright, but 
dendritic spines. These are small protrusions 
from the surface of neurons that have an impor- 
tant role in the transmission of nerve impulses. 
Previous studies had documented the fact that 
humans have greater numbers and densities 
of dendritic spines than other primates and 
rodents”*, but the molecular mechanisms driv- 
ing this feature were unknown. By studying cells 
from genetically modified mice and human 
brain tissue, the authors show that SRGAP2A 
promotes the maturation of spines and slows 
down the migration of neurons within the 
developing cerebral cortex, whereas the human- 
specific SRGAP2C has opposite effects and so 
favours the formation of further spines (Fig. 1b). 
These results suggest that the emergence of 
SRGAP2C could have contributed to expan- 
sion of the cortex and increase in spine num- 
bers in human ancestors, and therefore to the 
evolution of brain function and plasticity (the 
ability to alter neural connections in response to 
new experiences). 

Interestingly, Dennis et al. studied a group 
of young patients who had developmental dis- 
orders, and identified a few individuals — out 
of several thousand — who had DNA dupli- 
cations or deletions that affected SRGAP2A 


or SRGAP2C. Although such numbers are 
too small to be statistically significant, they 
indicate that mutations in SRGAP2A and 
SRGAP2C could be linked to disease. This 
hypothesis is consistent with previous sug- 
gestions that the evolution of a bigger and 
more complex brain in the human lineage was 
accompanied by an increased susceptibility to 
neurological disorders’. 

Taken together, the findings reported by 
Dennis et al. and Charrier et al. significantly 
add to the current working version of the 
human genome, and provide an example of 
how human-specific gene duplications can 
modulate brain function. They also give func- 
tional context to the long-known prolonged 
immaturity of the developing human brain 
(a process known as neoteny)'*"’. By slowing 
spine maturation and promoting neuronal 
migration, SRGAP2C might allow the environ- 
ment to have a more protracted influence on 
brain development than is possible during the 
shorter brain maturation times seen in other 
mammals, providing additional malleability. 

Furthermore, Charrier et al. demonstrate 
how evolutionary hypotheses derived from 
the comparative genomics of humans and 
other primates can be tested in cell culture 
and animal models. This elegant work pro- 
vides a launching point for unravelling a 
more detailed mechanistic understanding of 


Pinprick diagnostics 


Rare tumour cells with mutations that confer drug resistance can go undetected 
by standard testing procedures, according to two studies, which show that such 
mutations can be detected in patients’ blood. SEE LETTERS P.532 AND P.537 


EDUARDO VILAR & JOSEP TABERNERO 


ome tumours carry mutations that confer 

resistance to specific drugs, precluding 

the use of these drugs in patients with 
these mutations. However, drug resistance can 
arise even when a tumour does not seem to 
meet these criteria. In this issue, Misale et al.' 
(page 532) and Diaz et al.? (page 537) report 
that a commonly acquired drug resistance 
in colorectal cancer can be explained by rare 
tumour cells that have mutations in a particu- 
lar gene, KRAS, and that outgrow susceptible 
cancer cells during drug exposure. Excitingly, 
the two research groups demonstrate that 
they can detect this mutation in the tumour 
DNA that circulates freely in a patient's blood- 
stream. Their findings highlight the potential 
for blood samples to be used in the diagnosis 
and monitoring of cancers, thereby reducing 
the need for more-invasive procedures such as 
tumour biopsies. 
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Patients with colorectal cancers are often 
treated with drugs that target epidermal 
growth factor receptor (EGFR), a signalling 
protein that activates cellular proliferation. A 
key predictor of a person’s suitability for anti- 
EGFR therapy is whether their cancerous cells 
contain a mutated form of KRAS; the KRAS 
protein functions downstream of EGFR, 
such that cells with overactive KRAS will not 
respond to anti- EGFR therapies. The use of 
KRAS mutations for predicting the effective- 
ness of anti-EGFR treatment is an example 
of successful, although imperfect, biomarker 
development in oncology, and also demon- 
strates how an understanding of cancer biol- 
ogy should inform drug development at an 
early stage of the process. 

However, the majority of patients who 
are selected for anti- EGFR therapy develop 
secondary resistance to the drug within 
5-11 months. One of the main challenges 
in colorectal cancer research is to uncover 
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the role of human-specific duplicated genes 
in brain development, and of their poten- 
tial contribution to brain evolution and 
neurodevelopmental disorders. = 
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NOORWNHE 


the molecular mechanisms involved in this 
acquired resistance. An essential question is 
whether the resistance mechanisms derive 
from new mutation events or from existing 
clones — rare (and undetected) mutation- 
carrying cells that are present in the tumour 
at the start of treatment. 

Results obtained by Misale et al. and 
Diaz et al. using in vitro experiments and 
mathematical models suggest that second- 
ary resistance to anti-EGFR therapy is a fait 
accompli, because of the presence of KRAS- 
mutant clones in tumours that initially seem 
to express only wild-type KRAS. Both papers 
also present data from colorectal cancer 
patients whose tumours were classified, by 
biopsy, as KRAS wild-type at the initiation 
of therapy, but in whom the authors detected 
KRAS-mutant clones following treatment with 
either of two anti-EGFR drugs, cetuximab 
or panitumumab. These clinical studies were 
made possible by the use of ‘liquid biopsies’ 
in which circulating tumour DNA (ctDNA) 
was extracted from the serum of the patients’ 
blood. The ctDNA was then studied using an 
ultrasensitive mutation-detection method 
called the BEA Ming assay’. In both studies, 
the mutant clones were identified before drug 
resistance could be detected using standard 
tumour-imaging techniques. 

These findings suggest that the same biologi- 
cal mechanism (in this case, KRAS mutation) 
can drive both primary and secondary drug 


resistance, and that secondary resistance can 
arise when tumours are genetically heterogene- 
ous, such that some cells can acquire a growth 
advantage during treatment. However, this idea 
contrasts with another mechanism for second- 
ary resistance that has been reported recently, 
involving a mutation in EGFR that impairs 
cetuximab binding but that seems to be absent 
in pre-existing tumour-cell subpopulations’. 
Another of Misale and colleagues’ observations 
is also at odds with the existing-clone hypoth- 
esis. In their experimental models, Misale 
et al. report examples of resistance arising from 
mutations in codon 146 of the KRAS gene (a 
codon isa string of three DNA bases that codes 
for an amino acid). However, the typical sites 
of KRAS mutations in tumour samples are 
codons 12 and 13, and codon-146 mutations 
have been described in less than 5% of colo- 
rectal tumours’. These unusual mutations are 
more suggestive of resistance arising from an 
adaptive response of tumour cells, in which 
novel mutations accumulate over time, rather 
than from clonal selection linked to tumour 
heterogeneity. 

It is becoming clear that the existing strate- 
gies used to select therapies on the basis of a 
tumour’s genetic status are suboptimal. The 
existence of heterogeneous tumours and the 
evolution of diverse cancer-cell populations 
over the course of the disease, especially under 
the selection pressure of local and systemic 
treatment, need to be taken into account in 
both individual treatment strategies and drug 
development®. We anticipate that tumour het- 
erogeneity will be a recurring theme in future 
oncology research aimed at improving thera- 
peutics. 

The schematic representation of tumour 
heterogeneity as a branched tree, an idea bor- 
rowed from the field of ecology, is a realistic 
approximation of the evolution of a cancer’. 
Following this theme, therapeutic approaches 
could be likened to a gardener’s toolkit — by 
targeting selected cellular pathways, certain 
branches of the tree will be ‘pruned. This prun- 
ing will provide selection pressures that favour 
the growth of cells that are present in very low 
abundance, which will shift the behaviour of 
the tumour from that determined by the muta- 
tions present in the pruned branches to that 
specified by the biology of the now-dominant 
cell populations (Fig. 1). Nonetheless, greater 
understanding of the proliferative dynamics 
of cell clones, and of the interactions between 
them, is needed for such strategies to be suc- 
cessful. The complexity of these interactions 
is exemplified by the fact that although only 
0.4-17% of the mutated alleles detected by 
Misale et al. in patients with anti-EGFR- 
resistant tumours involved the KRAS gene, 
the whole tumour became resistant to therapy. 

Major challenges for the accurate assess- 
ment of tumour heterogeneity include gaining 
access to tissue and the question of appropri- 
ate sampling. Currently, biomarker-driven 
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Figure 1 | Monitoring for resistance. Colorectal cancer patients are often treated with drugs that target 
a protein called EGFR, but many patients develop resistance to these drugs. Misale et al.' and Diaz et al.’ 
propose that this resistance could be caused by the proliferation of rare tumour cells with mutations 

in the KRAS gene that allow them to survive anti-EGFR therapy. The authors show that these mutated 
cells can be detected and quantified (orange line) by testing for the presence of KRAS mutations in 
circulating tumour DNA (ctDNA) derived from a patient's blood. This ctDNA screening could allow 
the onset of drug resistance to be detected at an earlier stage of disease progression than can be achieved 
using standard techniques, which rely on imaging to look for enlarged tumour size and/or metastasis. 
Earlier detection would allow treatment with a drug targeting an alternative pathway to be commenced 
sooner. However, it is likely that the tumour will also contain rare cells that harbour mutations conferring 
resistance to this second drug, and that these cells will, in turn, become more prevalent (green line). 


therapeutic decisions rely mostly on testing 
biopsied samples of primary tumours that 
have been stored since the initial diagnosis, 
or biopsies from new metastatic sites. How- 
ever, single biopsies are inadequate. Primary 
tumours and their metastases are connected 
by a mixture of different tissues, including 
cancer cells and supporting structures such 
as stroma and blood vessels. Moreover, as has 
been reported® in renal-cell cancer, common 
alterations in cancer-causing genes may differ 
in different regions of the tumour. Therefore, 
a single cancerous site and a single tumour 
biopsy will probably not provide a representa- 
tive picture of the tumour landscape. 

As has previously been suggested’, these 
sampling problems could be eliminated by the 
use of blood biopsies to study genomic altera- 
tions in ctDNA. The virtues of this approach 
include its low invasiveness, the ease of obtain- 
ing samples at different time points, and the 
lack of spatial sampling bias. However, we 
still need a better understanding of the con- 
tribution of each dynamic cell population in 
a heterogeneous tumour to ctDNA. Further- 
more, assays are required that can interrogate 
mutations in several genes at the same time, 
which represents a technical challenge because 
the total amount of ctDNA and its quality are 
both relatively low. In one recent attempt”, 
researchers used next-generation DNA- 
sequencing technology, instead of BEAMing, 
to simultaneously screen ctDNA from patients 
with ovarian cancer for the presence of muta- 
tions in seven cancer-related genes. Such 


© 2012 Macmillan Publishers Limited. All rights reserved 


emerging mutation-detection platforms will 
raise standards for interrogating heterogene- 
ous cancer-cell populations. Applications of 
this technique are likely to expand from the 
early diagnosis of secondary mutations that 
could lead to drug resistance, as demonstrated 
by Misale et al. and Diaz et al., to include 
metastasis monitoring, diagnosis of relapse 
after surgery, and the early detection of indi- 
viduals at risk of developing cancer. m 
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Dimensionality of consumer search space 


drives trophic interaction strengths 


Samraat Pawar’, Anthony I. Dell! & Van M. Savage!?** 


Trophic interactions govern biomass fluxes in ecosystems, and stability in food webs. Knowledge of how trophic 
interaction strengths are affected by differences among habitats is crucial for understanding variation in ecological 
systems. Here we show how substantial variation in consumption-rate data, and hence trophic interaction strengths, 
arises because consumers tend to encounter resources more frequently in three dimensions (3D) (for example, arboreal 
and pelagic zones) than two dimensions (2D) (for example, terrestrial and benthic zones). By combining new theory with 
extensive data (376 species, with body masses ranging from 5.24 x 107“ kg to 800 kg), we find that consumption rates 
scale sublinearly with consumer body mass (exponent of approximately 0.85) for 2D interactions, but superlinearly 
(exponent of approximately 1.06) for 3D interactions. These results contradict the currently widespread assumption of a 
single exponent (of approximately 0.75) in consumer-resource and food-web research. Further analysis of 2,929 
consumer-resource interactions shows that dimensionality of consumer search space is probably a major driver of 


species coexistence, and the stability and abundance of populations. 


Understanding how physical differences between habitats, such as dif- 
ferences in precipitation, temperature and spatial dimensionality, affect 
trophic interactions is key to predicting stability and diversity in eco- 
logical systems’*. By assuming a simple relationship between con- 
sumption rate (energy acquisition) and metabolic rate (energy use), 
most studies assume that per-capita consumption rates scale with con- 
sumer body size (m) to an exponent of approximately 0.75, irrespective 
of taxon, environment or dimensionality’’’. Consequently, mass- 
specific production rates*"* scale as m °°, including biomass flow rate 
and per-link trophic interaction strengths in food webs'®!'31>7°, 
Deviations from quarter-power scaling can arise for at least two reasons. 
First, foraging is constrained by traits, such as length of locomotory 
appendages or visual acuity, that do not scale directly with metabolic 
rate*!”°°. Second, species interactions in the field do not occur under the 
idealized conditions at which metabolic and ingestion rates are usually 
measured, in which individuals are not foraging, growing or repro- 
ducing*'*”. Therefore, consumption-rate scaling may be more closely 
tied to field or maximal metabolic rate (exponent greater than 0.85), 
rather than resting metabolic rate (exponent of approximately 0.75)*7". 

From a biomechanical perspective, both non-metabolic and 
metabolic constraints on consumption rate should depend on the 
habitat’s spatial dimensionality because it strongly influences the 
energetic costs of locomotion (for example, to overcome gravity)'*"” 
and the probability either of a consumer detecting a resource or vice 
versa'’”°. Indeed, over two decades ago, habitat dimensionality was 
proposed as a major factor driving food-web structure and ecosystem 
dynamics'*”’. Subsequent studies have further elucidated the effects 
of habitat dimensionality******. Notably, previous models suggest 
that grazers (one type of consumer; Fig. 1 and Supplementary Fig. 1) 
are constrained by how resources are distributed in space’**’*. These 
studies are foundational, but do not apply to the full diversity of 
foraging strategies and interactions in natural communities. 

Here we show that shifting focus from dimensionality of the 
habitat**°?**° to the dimensionality of each trophic interaction yields 
a new, mechanistic theory for trophic interaction strengths (Figs 1 


and 2). Our approach allows both 2D and 3D interactions within the 
same habitat to be considered, and can be applied to the wide range of 
foraging strategies found in nature (Fig. 1 and Supplementary Fig. 1). 
To test our predictions, we compiled a data set that contains a per- 
capita consumption rate of 255 consumer-resource interactions 
covering 230 species, 12 orders of magnitude in body size, and aquatic 
(189 interactions) as well as terrestrial (66 interactions) habitats 
(Methods). 


Figure 1 | Consumer-resource interactions can be classified by 
dimensionality. If the consumer searches for resources (by flying, swimming, 
or sitting and waiting) on habitat surfaces (for example, on the water surface, 
benthos or in grassland), the interaction is 2D, and if it searches habitat volume, 
the interaction is 3D. A consumer or resource may be involved in both 2D and 
3D interactions, corresponding to different consumer-resource combinations 
and foraging strategies. 
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Figure 2 | Model for scaling of search and consumption rate with body size. 
This model (2D active capture is shown here) can also be used to predict search 
and consumption rates for grazing and sit-and-wait foraging strategies 
(Supplementary Information). 


Empirical patterns 


Using our comprehensive data set, we first demonstrate strong 
empirical differences between 2D and 3D interactions in the scaling 
of search and consumption rate with consumer body size (Fig. 3). 
When resources are scarce, more closely resembling field conditions, 
the observed scaling exponent for consumption rate in 3D interac- 
tions (1.06 + 0.06 (95% confidence intervals)) is significantly higher 
than in 2D (0.85 + 0.05) (likelihood ratio test, P< 0.001) (Fig. 3a, c). 
These scaling exponents are significantly higher than the currently 
used exponent of 0.75 (one-sample F-test P < 0.01). Furthermore, 
apart from organisms that are much smaller than a honeybee (weigh- 
ing less than 3 X 10 * kg, where 2D and 3D scaling lines would 
intersect), 3D consumption rates are higher than in 2D (Fig. 3a, b). 
For a 1-kg organism, 3D consumption rate is ten times higher than in 
2D (6.30 + 3.01 versus 0.63 + 0.24 mgs _') (Fig. 3a, b). 

When resources are abundant, typical of laboratory conditions, 
consumption rates still scale more steeply (1.00 + 0.06 versus 
0.85 + 0.05) and show higher baseline values in 3D than 2D 
(19.95 + 11.00 versus 3.16 + 1.30 mg s ‘ for a 1-kg organism) 
(Fig. 3c, d). Thus, even at high resource densities at which searching 
for resources is expected to be less constraining, dimensionality 
remains important. The canonical 0.75 scaling exponent for con- 
sumption rate is excluded from the 95% confidence intervals of the 
observed scaling exponents under all conditions (Fig. 3). 

We also analysed the scaling of search rates. The rate at which a 
consumer searches for a resource limits consumption rates when 
resources are scarce (Figs 1, 2 and 3e, f). For active-capture and 
grazing foragers, search rate (area/time or volume/time) is the speed 
at which a consumer moves through the landscape to find food, 
whereas for sit-and-wait foragers, it is the speed at which resources 
move through the consumer’s attack space (Figs 1 and 2). We find 
that search rates have a scaling exponent of 1.05 + 0.08 in 3D 
and 0.68 + 0.12 in 2D (Fig. 3e, f), indicating that differences in 
consumption-rate scaling are primarily driven by differences in 
search rate. This result is a key validation of our model below. 


A mechanistic model for search rate 


Our empirical analysis reveals that search- and consumption-rate 
scaling vary systematically with the dimensionality of search space 
(that is, interaction dimensionality). We now present a model that 
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Figure 3 | Effect of interaction dimensionality on scaling of search and 
consumption rate. a-d, Scaling of per-capita consumption rate (kg s') with 
consumer body mass (kg) at different resource densities. e, f, Scaling of search 
rate (m”s_' in 2D, and m*s_! in 3D). See Table 1 for sample sizes. Solid black 
lines were fitted using OLS regression (see Methods). Exponents in all panels 
except e are significantly different from the canonical 0.75 value (dotted line). 
Consumption-rate scaling shows less variance than search rate, possibly 
because consumers choose resources that maximize biomass consumption rate 
(product of search rate, resource density and resource mass; equation (4)), thus 
minimizing scatter. 


predicts these empirical patterns by focusing on three key compo- 
nents of search rate: relative velocity, reaction distance and handling 
time’*””° (Fig. 2). Relative velocity (v,) is the rate at which consumer- 
resource pairs converge across the landscape, and it is the root-mean- 
square of their body velocities. A potential encounter occurs when 
either the resource or consumer comes within the distance (d) at 
which one can detect and react to the other. Because each individual 
moving through the landscape maintains a search space enclosed by a 
surface with radius d, we can derive (Supplementary Information) 
that the search rate («) increases with dimensionality (D): 


= spv,d?—! (1) 


where sp = 2 in 2D and z in 3D. Based on biomechanical principles, 
we obtained predictions for the scaling exponents p, and pg (of v, and 
d, respectively; Fig. 2), and validated them empirically using another, 
independent data set that we compiled (Table 1 and Supplementary 
Information). Using these, we predict: 


a= agmnby tPA Ye(ka) (2) 


where mc is consumer body mass. For active foraging, the constant 
& is 2vody in 2D and Tvodo in 3D. The function f(kgc) isolates 
dependence of « on consumer-resource size ratio kgc (that is, 
Mp/Mc (where me is resource body mass)) from its direct dependence 
on consumer mass. Both % and f(kgc) vary weakly with foraging 
strategy (Supplementary Information). To relate equation (2) directly 
to previous studies by expressing it solely in terms of consumer mass, 
we determine how kgc scales with consumer mass using our con- 
sumption-rate data set. Substituting this scaling together with values 
for py and pq (Table 1) into equation (2) gives: 
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Table 1 | Empirical and predicted scaling exponents of consumption rate and its components with interaction dimensionality (D) 


D Search and consumption rate (n = 255) Consumption-rate components 
Search rate Consumption rate Relative velocity Reaction distance Handling time Resource mass Resource density 
(scarce resources) (n= 21) (n = 39) (n = 78) (n = 255) (n = 255) 
Scarce resources Abundant resources 
2D 0.68+0.12* (0.63) 0.85+0.05(0.78) 0.85+0.05(0.78) 0.26+0.04* (0.27) 0.21 + 0.08 (0.33) —1.02+0.08(—0.75) 0.73 +0.10 —0.79 + 0.08 
3D 1.05 + 0.08* (1.03) 1.06 + 0.06 (1.16) 1.00 + 0.06 (1.16) 0.26+0.04* (0.27) 0.20+ 0.06 (0.33) —1.1 +0.07(—0.75) 0.92 +0.08 —0.86 + 0.07 


For search and consumption rate, if the 3D exponent is significantly larger than 2D as predicted (likelihood ratio test), both are shown in bold. There are no predicted exponents for resource mass and resource 
density scaling because they depend upon experimental design (Supplementary Information). Steeper than predicted exponents of handling time may arise because pursuit and subjugation scale with maximal 


rather than resting metabolic rate®*?. 


* Empirical exponent is statistically indistinguishable (P = 0.05 for all significance tests) from the predicted value (in parentheses). 


&~doapme.* in 2D 


(3) 


“~o3pme”’in 3D 


where &2p and 3p are dimension-specific constants. These exponents 
match our empirical results extremely well (Fig. 3e, f and Table 1). 
Even if the weak contribution of f(kyc) (Supplementary Information) 
to the scaling is ignored, the predicted search rate exponents (py + 
2pa(D-1)) would be 0.68 in 2D and 1.06 in 3D. These exponents are 
extremely close to the empirical estimates of 0.68 + 0.12 in 2D and 
1.05 + 0.08 in 3D (Table 1; Fig. 3). 


Predictions for consumption rate 

The product of search rate, x, and resource density, xp (individuals per 
area or volume), yields encounter rate. Consumption rate is con- 
strained by this encounter rate and by handling time; that is, the 
duration of time to pursue, subdue and ingest each resource 
(Fig. 2). Together, these components give a saturating per-capita bio- 
mass consumption rate (c) (Holling’s type II functional response”’) in 
terms of spatial dimension (D): 

AMRXR s'pv,d°— |! mpxp 


c= = (4) 


l+tpampyxg 1+ths’pv-d?-!mpxp 


Here, mp is the average mass of the resource, xpMp is resource biomass 
density, and t;, is conventional handling time divided by resource 
mass (Supplementary Information 1.4). The constant s’p includes a 
roughly constant attack success probability. Our results are robust to 
changes in this probability for resource items common in the con- 
sumer’s diet (Supplementary Information). 

With scarce resources (Xp > Xp, min) the second term in the denom- 
inator of equation (4) becomes much smaller than 1, and thus c ~ 
o&XMg. Substituting the scaling for « (equation (2)) gives: 


= ngmbs +70“) #(kec)xpmp (5) 


To convert this into a scaling relationship solely with consumer mass, 
we use our functional response data set (Supplementary Information) 
to quantify the scaling of xz and mg with consumer mass (Table 1). 
Substituting these along with the previously determined scaling of size 
ratio (kc) in equation (5) gives: 


c~opmein 2D 


(6) 


c~espme'*in 3D 


where cp and czp are dimension-specific constants. Equation (6) 
predicts the steeper and superlinear scaling that is empirically 
observed in 3D for consumption rate (Fig. 3a, b and Table 1). Note 
that the scaling of consumption rate, c, closely matches the scaling of 
search rate, « (compare equations (3) and (6)). The existing small 
difference arises because of the weak scaling of the product (xgmp) 
of resource density and mass with consumer mass (Table 1 and 
Supplementary Information). 

When resources are unlimited (xz — ©), the term s'pv,d?~!xgmp 
dominates both the numerator and denominator of equation (4), 
resulting in a value of 1. Consequently, search and detection become 
instantaneous, and consumption rate depends only on mass-specific 
handling rate (1/t,) (Fig. 2): 


C= tho Mc (7) 


where f is the scaling exponent of the consumer’s whole-body 
metabolic rate and t,o is a body-temperature and metabolic-state- 
dependent constant. We find that mass-specific handling time, f,, 
scales as 1.1 + 0.07 in 3D and 1.02 + 0.08 in 2D (Supplementary 
Information). However, the observed consumption-rate scaling in 2D 
is 0.85 + 0.05, and is 1.00 + 0.06 in 3D, both closer to predictions for 
scarce rather than unlimited resources (Table 1). Therefore, even 
when functional responses seem to saturate and resources are 
considered abundant, consumption rate does not scale like handling 
time, and must therefore continue to be constrained by search 
dimensionality. This also explains why most previous studies have 
reported 0.75 power scaling of consumption rate’*'’. The data in 
these previous studies are actually maximal ingestion rates collected 
from sedentary individuals that are provided with unlimited 
resources”*!°, Our data, for both scarce and abundant resources, are 
more representative of field conditions because they are extracted 
from functional response data. 

Although our theory predicts that %3p and csp are larger than op 
and C3p, respectively (Supplementary Information), the magnitude of 
the observed difference is much larger than predicted (Fig. 3). One 
explanation is that most 3D interactions are aquatic, and most 2D 
interactions are terrestrial. The energetic cost for swimming is about 
ten times lower than for running'*”’, probably increasing encounter 
rates for non-directed movement. This difference could elevate the 
intercept (but not exponent), contributing to the observed ten times 
larger baseline consumption rates in 3D. Nevertheless, 2D aquatic and 
2D terrestrial interactions scale similarly (Fig. 3a—c), indicating other 
differences between pelagic (3D) and benthic (2D) aquatic zones, and 
highlighting the need for further study. 


Dimensionality and trophic interaction strengths 

By deriving the scaling of search rate (), a fundamental parameter in 
consumer-resource and food-web models, we have provided a mech- 
anistic basis for linking interaction dimensionality with trophic inter- 
action strengths, which are proportional to axgmp/mc (refs 11, 13, 15, 
16, 28, 29). In contrast to current theories, our results show that 
scaling of trophic interaction strength can deviate substantially from 
Mo O28. Specifically, if resource size (mg) and resource density (xp) 
are decoupled from consumer size, consumption rate scales like 
search rate (equation (3)), and thus interaction strength scales as 
axRMpR/Mcowrme 0.32 in 2D, and me: 5 in 3D. Even when mr and xp 
scale with consumer mass (Table 1 ad Se neg | Fig. 2), trophic 
interaction strengths scale as mo 15 (2D) or Mo °° (3D) when 
resources are scarce, and as mc 15° (2D) or me. (3D) ea resources 
are abundant. This variation in the scaling of trophic interaction 
strengths implies that consumer-resource dynamics are likely to be 
constrained by interaction dimensionality. 


Implications for population dynamics 

By incorporating our scaling equations for « (equation (3)) into a 
population dynamics model (Methods), we now show that dimen- 
sionality can affect populations in three fundamental ways. First, 3D 
interactions allow a larger range of viable consumer-resource body-size 
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combinations than in 2D, primarily because 3D consumption rates 
scale more steeply and have higher baseline values. Depending upon 
baseline carrying capacity (Ko, defined as maximal biomass density for 
a 1 kg organism; Supplementary Information), the majority of 2,929 
species pairs from seven communities fall within our predicted 
coexistence domains (Fig. 4a), with upper and lower limits of observed 
size ratios closely matching predicted extinction boundaries. In 2D, 
when Ko ranges from 0.01 to 1 (kg®”° m7”) the predicted coexistence 
domains contain 88.8% to 99.8% of the empirical data. In 3D, when Ko 
ranges from 3 to 300 (kg””° m°), 74.3% to 99.8% of the data are within 
the predicted domain (we explain below why carrying capacity is 
typically higher in 3D than 2D). Thus, interaction dimensionality 
may explain why consumer-resource interactions with larger size 
ratios (for example, filter feeding*®) and larger consumers are more 
common in pelagic environments compared to benthic or terrestrial 
environments’**' (Fig. 4a). 

Second, because strong trophic interactions can destabilize com- 
munities'*'°*°”°, communities dominated by 3D interactions (for 
example, pelagic or aerial habitats) may be inherently unstable. Indeed, 
we find that persistent consumer-resource boom-bust dynamics are 
more likely in 3D than in 2D (Fig. 4b and Supplementary Fig. 3). In 
nature, these instabilities may be partly offset by larger regions of 
coexistence that are possible in 3D (Fig. 4a) or by negative consumer 
density dependence*™*. Nevertheless, our results are consistent with 
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Figure 4| Effects of interaction dimensionality on consumer- 

resource dynamics. a, Intensity map of logarithm of total consumer-resource 
equilibrium densities, ranging from coexistence at high (dark) to low (yellow) 
densities, or extinction (white). Black dots are real 2D (n = 1,627) and 3D 

(n = 1,302) consumer-resource pairs (Supplementary Table 8). Consumer and 
resource sizes are equal along the diagonal line. Lower extinction boundaries 
(dashed lines) correspond to different baseline carrying capacities (Ko); the 
outermost boundary corresponds to empirical estimates. Predicted 2D 
coexistence regions that lack observed species pairs probably represent under- 
sampling of interactions for the smallest consumers (for example, micro 
predators) and largest consumers (for example, large mammalian 
herbivores)*’. b, Comparison of population dynamics of two 2D (1 and 2 in 
a) and two 3D (3 and 4 in a) species pairs. c, Scaling of equilibrium abundance 
across all 3D (blue) and 2D (red) consumer-resource pairs plotted in a. The 
variation and discrete appearance of the data arises mainly because a consumer 
may feed on multiple resource species of different sizes and vice versa. 
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empirical observations that pelagic communities appear less stable 
than terrestrial communities’. They also suggest that 3D aquatic eco- 
systems may experience more frequent top-down regulation than 2D 
terrestrial ecosystems**”». 

Third, we predict that population densities across consumer- 
resource pairs scale with body size more steeply in 3D (exponent of 
-1.12) than 2D (exponent of -0.76) (Fig. 4c). Only 2D scaling matches 
Damuth’s —0.75 rule, which was derived from data on terrestrial 
mammals (that is, 2D consumers)'***. Thus, for a given carrying 
capacity (maximal abundance of resources), steeper size-abundance 
scaling of consumers in 3D habitats relative to 2D habitats should be 
expected, and this helps to explain deviations from Damuth’s rule in 
local communities*’****°, 

In our population model, we assume resource carrying capacities 
scale with a 0.75 exponent (Supplementary Information), as expected 
when food supply to resources is unlimited (equation (7))”*. For 
example, maximal abundance of primary producers in 2D (for 
example, terrestrial plants) and 3D (for example, pelagic phytoplankton) 
should scale as metabolic rate (that is, Damuth’s rule) irrespective of 
dimensionality, which is well supported empirically***”**. Future studies 
should incorporate potential differences in scaling of carrying capacity 
across trophic levels. We also assume higher baseline carrying capacities 
(Ko) in 3D than 2D (Fig. 4a) because pelagic (3D) phytoplankton have 
2-3 orders of magnitude higher turnover rates than terrestrial plants and 
form a less variable and more nutritious autotroph base than plants in 
2D terrestrial ecosystems such as grasslands*’*”’. This is an important 
difference between habitats because it helps to explain the potential 
advantage of 3D interactions. If resources had the same numbers 
(but not densities) in 2D and 3D habitats (for example, 1 kg m ” and 
1 kgm *), resources would probably be too sparse for a 3D search space 
to be advantageous. 

The consequences of interaction dimensionality for population 
dynamics may also be mediated by other abiotic differences between 
aquatic and terrestrial habitats. For example, 2D habitats such as 
benthic zones may have a greater potential for prey refuges than 3D 
habitats such as pelagic zones. Structural complexity reduces con- 
sumer search rates, potentially resulting in type III functional res- 
ponses instead of type I or II (refs 30, 40). We find no significant 
propensity for type III functional responses in 2D relative to 3D in our 
data set (Supplementary Information), probably because laboratory 
experiments typically use habitats that are simpler than real habitats. 
Even if type III responses are more common in 2D, results for the effects 
of dimensionality on consumer-resource population dynamics remain 
qualitatively unchanged (Supplementary Information). Nevertheless, 
an important future direction will be to understand how habitat com- 
plexity affects search and consumption rates. Synthesizing our model 
with previous work on fractal dimensionality of resource disper- 
sion***”° should be an important step in this direction. Perception of 
structural complexity also scales with body size*. Grasslands may be 
structurally simple for a bison, but complex for a nematode. 


Conclusion 


Our study provides new and more accurate scaling relationships for 
consumer-resource interactions''’**', gives novel insights into con- 
sumer-resource dynamics, and offers a mechanistic model that incor- 
porates dimensionality and foraging strategy into food-web dynamics. 
Our results help to explain why aquatic environments generally show 
higher energy fluxes and lower stability than terrestrial environments’, 
why they often show inverted biomass pyramids*”’, and why larger 
consumers have a relative advantage in pelagic (3D) versus terrestrial 
(2D) environments’®. Predicting strengths of pair-wise trophic inter- 
actions is key to understanding higher-order effects, including indirect 
interactions and polyphagy’**”’. Our model for pairwise interactions 
should provide a starting point for studying how the effects of 
dimensionality propagate through entire community food-webs. 
Studying communities with mixtures of 2D and 3D interactions will 
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be particularly revealing in this context. We conclude that interaction 
dimensionality is a critical factor driving consumer-resource 
dynamics. A better understanding of the effects of dimensionality will 
lead to better predictions of food-web and ecosystem dynamics, and 
how these complex systems might respond to environmental change. 


METHODS SUMMARY 


Functional response data were compiled from the literature (Supplementary 
Table 5). Interaction dimensionality was assigned according to consumer search 
space (Fig. 1). The minimum resource density in each study was classified as 
scarce, and the density corresponding to the maximum consumption rate was 
classified as abundant. The search rate («) in each functional response was cal- 
culated at each scarce density by dividing the associated consumption rate (c) by 
the associated density. The scaling of « is our fundamental theoretical result 
(equation (2)) and is based on derived scalings for v,, d and ty. We verified 
predicted scalings of these components by compiling an additional data set of 
136 interactions between 157 taxa. To move from predicted scaling exponents of 
a (equation (3)) to predictions for scaling exponents of c (equation (4)), we 
calculated the scaling of resource number density (x) and mass (mg) across 
studies in the functional response database. All exponents were estimated using 
ordinary least squares regression (OLS) of log trait value versus log body mass. 
Major axis regression yields steeper exponents than OLS but does not qualita- 
tively alter our results. We also tested for robustness of predictions to realistic 
variation in body velocity scaling. All data were standardized to 15 °C using the 
Boltzmann-Arrhenius model”'*. For population dynamics we used the 
Rosenzweig-MacArthur model for the rate of change in time, ¢, for the resource 
(R = xgmp) and consumer (C = xcmc) biomass densities'*”*: 


“ re(_ x) (a/mc)RC 


1+t,aR 
dC _ e(/mc)RC _ 
dt  1+t,oR 


Here, ris the resource’s intrinsic biomass production rate, K is resource’s biomass 
carrying capacity, z is the consumer’s biomass loss rate, e is the consumer’s 
biomass conversion efficiency, and t;, is the resource mass-specific handling time. 
Size scaling for « and t,, were based on our results, and that for r, z and K were 
based on previous work*”*. We tested robustness of our results by varying model 
structure between the Rosenzweig-MacArthur model and the Lotka-Volterra 
predator-prey model, and also by using a type III instead of a type II functional 
response. 
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mTORCI in the Paneth cell niche couples 
intestinal stem-cell function to calorie 


intake 


Omer H. Yilmaz'**, Pekka Katajisto™, Dudley W. Lamming”, Yetis Giiltekin'”, Khristian E. Bauer-Rowe’, Shomit Sengupta’, 
Kivanc Birsoy’, Abdulmetin Dursun’, V. Onur Yilmaz’, Martin Selig’, G. Petur Nielsen’, Mari Mino-Kenudson', 
Lawrence R. Zukerberg!, Atul K. Bhan', Vikram Deshpande! & David M. Sabatini? 


How adult tissue stem and niche cells respond to the nutritional state of an organism is not well understood. Here we find 
that Paneth cells, a key constituent of the mammalian intestinal stem-cell (ISC) niche, augment stem-cell function in 
response to calorie restriction. Calorie restriction acts by reducing mechanistic target of rapamycin complex 1 (mTORC1) 
signalling in Paneth cells, and the ISC-enhancing effects of calorie restriction can be mimicked by rapamycin. Calorie 
intake regulates mTORCI in Paneth cells, but not ISCs, and forced activation of mTORCI in Paneth cells during calorie 
restriction abolishes the ISC-augmenting effects of the niche. Finally, increased expression of bone stromal antigen 1 
(Bst1) in Paneth cells—an ectoenzyme that produces the paracrine factor cyclic ADP ribose—mediates the effects of 
calorie restriction and rapamycin on ISC function. Our findings establish that mTORC1 non-cell-autonomously 
regulates stem-cell self-renewal, and highlight a significant role of the mammalian intestinal niche in coupling 


stem-cell function to organismal physiology. 


Mammalian tissue-specific stem cells maintain tissue homeostasis 
by undergoing either self-renewing or differentiation divisions that 
generate more stem cells or restricted progenitors, respectively’. Stem 
cells often require cues from their microenvironment or ‘niche’ to 
regulate their fates. Caloric restriction, an intervention in which 
caloric intake is reduced while maintaining adequate nutrition, 
promotes longevity in diverse organisms, possibly by preserving stem 
and progenitor cell function’. In mice, calorie restriction promotes 
the generation of new neurons from neural progenitors and prevents 
the decline of haematopoietic stem-cell numbers and function in 
certain strains of mice with age**”’. These findings raise the question 
of how calorie restriction mediates these effects on stem cells, and 
whether the mammalian stem-cell niche is involved. 

We have investigated this question in the rapidly renewing 
mammalian small intestine. The intestine is organized into crypts that 
contain the stem cells and the rapidly dividing transient amplifying 
cells, and villi composed primarily of post-mitotic absorptive entero- 
cytes. In response to fasting and re-feeding, the intestine undergoes 
structural alterations such as changes in villi length, crypt depth and 
cell turnover, indicating that organismal physiology may modify 
intestinal progenitor function®”. Recent studies have begun to define 
the identity of intestinal stem cells as well as their interaction with their 
Paneth cell niche'®’*. Although no single marker identifies the entire 
ISC pool, Lgr5 is expressed by a majority of ISCs throughout the 
intestinal tract'*'*. Lgr5* ISCs (also called crypt base columnar cells) 
can self-renew and differentiate for the life of the organism, and they 
reside at the base of crypts sandwiched between Paneth cells'*'®. Loss of 
Paneth cells in vivo leads to reduced numbers of Ler5* ISCs, whereas 
the addition of Paneth cells to in vitro cultures markedly increases the 
potential of Lgr5" ISCs to form multipotent, self-renewing organoid 


bodies reminiscent of ‘mini-intestines’*. Thus, Paneth cells constitute 
acritical component of the stem-cell niche both in vivo and in vitro’. 


Calorie restriction increases stem and niche cell numbers 
To assess the effects of calorie restriction on intestinal homeostasis, we 
calorically restricted mice for 4-28 weeks, which is sufficient to observe 
many of the metabolic phenotypes of calorie restriction’”’. Consistent 
with previous reports, calorically restricted mice had a 19.7 + 5.8% loss 
in body mass compared to ad libitum fed counterparts (Supplementary 
Fig. 1a)*°. In calorically restricted mice the small intestine was morpho- 
logically normal (Supplementary Fig. 1f), with no change in crypt density 
(Supplementary Fig. 1d), intestinal length (Supplementary Fig. 1c), or 
apoptotic cell frequency (Supplementary Fig. 3). However, it did have 
reduced mass (1.8 + 0.4 versus 1.4 + 0.2 g; Supplementary Fig. 1b) with 
villi that were 15% shorter and possessed fewer enterocytes (Supplemen- 
tary Fig. le, f). Calorie restriction did not affect the frequency of chro- 
mogranin A* enteroendocrine cells, but mildly reduced that of alcian 
blue” secretory goblet cells (Supplementary Fig. 2a, b). To address how 
calorie restriction influenced the frequency of ISCs, we performed in situ 
hybridization for olfactomedin 4 (Olfm4), a recently described marker 
that is co-expressed by Lgr5* ISCs”!. Calorie restriction led to a 35% 
increase in Olfm4* primitive intestinal progenitors compared to those in 
ad libitum fed mice (Fig. la and Supplementary Fig. 7a). Notably, calorie 
restriction also caused a commensurate increase in cryptdin 4” Paneth 
cells (Fig. la and Supplementary Fig. 7b), which we confirmed by mor- 
phological examination of 1-,um-thick tissue sections (Supplementary 
Fig. 4a) and by electron microscopy (Supplementary Fig. 4b). These 
findings lead to two intriguing conclusions: first, calorie restriction pro- 
motes the preservation and self-renewal of ISCs (increased Olfm4~* 
ISCs) at the expense of differentiation (shorter villi with fewer mature 
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Figure 1 | Calorie restriction augments the capacity of Paneth cells to boost 
ISC function. a, Olfm4* ISCs and cryptdin 4* Paneth cells were increased in 
calorie-restricted (CR) mice (in situ hybridization, proximal jejunum, n = 3). 
AL, ad libitum fed. b, Crypt base columnar cells (CB cells) showed a twofold 
increase in BrdU incorporation and transient amplifying cells revealed a 
reduction after a 4-h pulse in calorie-restricted mice (n = 3). ¢, Calorie- 
restricted crypts were twofold more capable of forming organoids (n = 8). 
Representative ad libitum fed and calorie-restricted organoids are shown at 

5 days (red arrowhead marks organoids and yellow asterisk indicates aborted 
crypts). d, e, Calorie restriction increased the number of surviving (d) and 
proliferating (e, Ki67) crypts after ionizing irradiation-induced (XRT) 
damage (n = 3 for d and e). f, Schematic demonstrating dark-green Lgr5™ ISCs, 
red Paneth cells and light-green EGEP"” progenitors. Calorie restriction 
increased ISCs (dark green) and Paneth cells (red) by 1.5-fold, and reduced 
EGFP" (light green) progenitors by 20% (calorie restriction, n = 27; ad 
libitum, n = 26). g, Schematic illustrating the mixing of ISCs with Paneth cells 


enterocytes); second, ISCs and their Paneth cells increase in tandem, 
raising the possibility that the Paneth cell niche may coordinate ISC 
adaptation to calorie restriction. 

The fact that calorie restriction augmented ISC numbers while 
reducing the total number of differentiated enterocytes indicated that 


in matrigel. h, Organoid formation per Lgr5™ ISCs co-cultured with Paneth 
cells from calorie-restricted mice was significantly increased (n = 5). A 
representative image of primary organoids at day 7 is shown. i, Dissociated 
organoids derived from calorie-restricted Paneth cells gave rise to larger 
secondary organoids at day 18 ( = 5). j, Sorted ISC-Paneth cell doublets 
plated at clonal density (50-100 doublets per 30 pl droplet of matrigel) 
demonstrated that calorie-restricted doublets had nearly threefold more 
organoid potential (n = 3). k, EGP” progenitors harboured little organoid 
potential (n = 4). 1, Subcloning of individual calorie-restricted Paneth-derived 
organoids gave rise to threefold more secondary organoids (27 organoids from 
3 independent mice per condition were analysed, shades of grey or blue denote 
separate mice). m, Paneth cells isolated from mice that had been on calorie 
restriction, but were returned to an ad libitum diet for 3 days, also retained an 
augmented capacity to promote organoid formation (n = 3). (Unless otherwise 
indicated, in all panels: values are mean; error bars indicate s.d.; scale bars are 
50 um; *P < 0.05; **P < 0.01; ***P < 0.001.) 


calorie restriction enhances the proliferation of ISCs while reducing 
the proliferation of more differentiated progenitors (transient amp- 
lifying cells). To test this possibility, we assessed incorporation of 
5-bromodeoxyuridine (BrdU) into ISCs and transient amplifying 
cells. After a 4-h pulse of BrdU, crypts of calorie-restricted mice 
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had nearly twofold as many BrdU* ISCs compared to crypts of ad 
libitum fed mice (4.3 + 0.3 versus 2.4 + 0.2, Fig. 1b and Supplemen- 
tary Fig. 1g, h). However, calorie restriction decreased the number of 
BrdU" cells in the larger pool of transient amplifying cells (11.0 + 0.9 
versus 9.4 + 0.5; Fig. 1b), indicating that output and migration into 
the villi from this compartment may also be reduced. Indeed, calorie- 
restricted mice 24h after a single dose of BrdU had fewer absolute 
numbers of BrdU-labelled cells in the villi compared to ad libitum fed 
controls (14.5+1.5 versus 19.0+ 1.7; Supplementary Fig. li, j). 
However, there was no significant difference in the percentage of 
BrdU villous enterocytes, indicating that in calorie-restricted mice, 
transient amplifying cells generate fewer progeny for shorter, less 
cellular villi (Supplementary Fig. 1k). These data demonstrate that 
calorie restriction alters the coupling between stem cell and transient 
amplifying cell proliferation in vivo. 


Calorie restriction promotes intestinal regeneration 


Because calorie restriction increased the frequency and proliferation 
of ISCs, we asked whether it also promotes the regeneration of the 
small intestinal epithelium. We tested the potential of isolated crypts, 
independent of intestinal stem cell markers, to form clonal, 
multipotent organoid bodies that posses all intestinal cell types in 
vitro (Supplementary Fig. 5). Crypts from calorie-restricted mice 
were nearly twofold more likely to form organoid bodies than those 
from ad libitum fed controls (Fig. 1c). These data indicate that calorie 
restriction leads to an increase in stem-cell activity per crypt, as only 
stem cells are capable of self-renewing and differentiating into the 
various cell types that are required for organoid body formation 
and maintenance. 

To ask whether calorie restriction also augments crypt regeneration 
in vivo, we used the clonogenic microcolony assay for testing ISC 
activity”’. In ad libitum and calorie-restricted mice exposed to lethal 
doses of radiation and examined 72 h later, calorie restriction signifi- 
cantly increased the number of surviving and regenerating crypts and 
Ki67* intestinal progenitors per unit length of intestine (Fig. 1d, e). 
These data are consistent with our in vivo and in vitro data showing 
that calorie restriction increases the number and regenerative capacity 
of ISCs. 


Calorie restriction enhances ISC function via the niche 


To understand how calorie restriction affects the frequency and func- 
tion of ISCs and their Paneth cell niche, we performed calorie restric- 
tion experiments on Lgr5-EGFP-IRES-creERT2 knock-in mice, which 
allow isolation by flow cytometry of Lgr5-EGFP™ ISCs and their 
daughter, more differentiated EGFP!” cells?®. Compared to ad 
libitum fed controls, calorie restriction increased the frequency of 
Lgr5-EGFP™ ISCs (5.6 + 2.1% versus 4.3 + 1.9%; Fig. 1f) and 
Paneth cells (9.8 + 3.3% versus 6.7 + 3.3%; Fig. 1f and Supplemen- 
tary Figs 8 and 9) by 1.5-fold. The frequency of the much larger pool of 
EGFP” differentiated progenitors, however, was lower in calorie- 
restricted mice (8.1 + 3.0% versus 10.1 + 4.3%; Fig. 1f). These data 
corroborate the phenotypic expansion of ISCs and Paneth cells 
detected with the Olfm4 and cryptdin 4 markers, respectively 
(Fig. 1a, and Supplementary Fig. 7a, b), and suggest that although 
calorie restriction expands the pool of ISCs it leads to a reduction of 
more differentiated progenitors. Thus, calorie restriction has oppos- 
ing effects on the numbers of stem cells and their immediate progeny, 
shifting the equilibrium towards stem-cell self-renewal. 

The enhanced regenerative activity of crypts in calorie-restricted 
mice led us to ask whether ISCs respond to calorie restriction 
autonomously or non-autonomously through the Paneth cell. To 
test this, we combined ISCs and Paneth cells isolated from calorie- 
restricted and ad libitum fed mice and assayed their ability to form 
organoid bodies in culture (Fig. 1g). Consistent with previous studies'*”’, 
neither Lgr5-EGFP™ ISCs nor Paneth cells established organoid 
bodies on their own, but, when co-cultured, 15% of ISCs did generate 
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organoid bodies (Fig. 1g, h). Notably, Paneth cells isolated from 
calorie-restricted mice were significantly more likely than those from 
ad libitum fed controls to promote organoid body formation when 
mixed with ISCs (Fig. 1h), and this augmentation persisted even after 
7 months of calorie restriction (Supplementary Fig. 6). In contrast, 
calorie restriction had neither a direct effect on ISC function (as 
calorie-restricted and ad libitum ISCs behaved similarly) nor did it 
boost the potential of EGFP” progenitors to form organoid bodies 
(Fig. 1h, k). Ruling out the possibility that the enhanced regeneration 
caused by calorie-restricted Paneth cells resulted from an increase in 
their ability to home and attach to ISCs in culture, ISC-Paneth cell 
doublets isolated from calorie-restricted mice had a threefold increase 
in their capacity to form organoid bodies compared to those from ad 
libitum fed mice (Fig. 1j). Not only did calorie-restricted Paneth cells 
promote primary organoid body formation, these organoids gave rise 
to more and larger secondary organoid bodies, even when individually 
subcloned (Fig. 1i, 1). Thus, individual organoid bodies from calorie- 
restricted Paneth cells posses a greater ability to self-renew (Fig. 11). 
The fact that Lgr5-EGEP™ ISCs form more organoid bodies when 
co-cultured with calorie-restricted Paneth cells indicates that most 
Lgr5-EGFP™ cells harbour stem-cell potential when exposed to the 
appropriate niche signals (Fig. 1h, k). 


Calorie intake activates mTORCI in the niche 


Because the mTORCI kinase is a major sensor of the organismal 
nutritional state, we asked whether calorie restriction mediates its 
effects on Paneth cells through mTORCI (ref. 24). Consistent with 
this, overnight fasting decreased phosphorylation of S6 (pS6), a marker 
of mTORCI activity in the intestine (Fig. 2a). Interestingly, feeding 
or insulin activated mTORC1 in Paneth cells but not in ISCs in a 
rapamycin-sensitive fashion (Fig. 2a). We confirmed these findings 
in sorted Paneth cells (>95% lysozyme"; Fig. 2b) and found that 
pS6 expression was induced in the Paneth cells of fasted mice by insulin 
administration. Similarly in immunoblots from isolated crypts of 
calorie-restricted mice, phosphorylation of S6 and S6K1, the latter 
being a direct substrate of mTORC1, was diminished (Fig. 2c). These 
data indicate that Paneth cells may modulate ISC function by sensing 
the organismal nutritional status through mTORCI1. 


Fasting+refed+Rapa 


Fasting+insulin 
7 * 


Figure 2 | Nutritional regulation of mTORCI in Paneth cells. a, Overnight 
fasted mice treated without or with rapamycin (Rapa) were refed for 5h and 
intestinal sections immunostained for phospho-S6 (pS6). Refeeding or 
administration of insulin activates mTORC1 in Paneth cells (arrowheads) but 
not ISCs (arrows, n = 3-5, scale bar = 20 um). b, Similar results were observed 
in preparations of sorted Paneth cells that were confirmed to be greater than 
95% positive for the Paneth cell marker lysozyme (n = 3). pS6 was reduced in 
sorted Paneth cells from fasted mice and was induced 20 min after injection 
with insulin. c, Immunoblots of isolated crypts from calorie-restricted mice 
show reduced phosphorylation of known mTORCI substrates phospho-S6K1 
(pS6K1) and ps6. 


©2012 Macmillan Publishers Limited. All rights reserved 


Niche mTORCI1 mediates calorie restriction effects 


To address whether reduced mTORCI1 signalling in Paneth cells 
enhances ISC function in response to calorie restriction, we generated 
mice in which the expression of Rheb2 (an mTORC1 activator) can be 
induced by doxycycline from the ubiquitously expressed Cola1 (also 
called Collal) promoter (Rheb-tg, using the human RHEB2 coding 
sequence) (Fig. 3a, b). In mice fasted overnight, induction of Rheb2 
was sufficient to reactivate mTORCI signalling in Paneth cells 
(Fig. 3c, d). Notably, Rheb2 induction during calorie restriction 
blocked the increase in clonogenicity per crypt (Fig. 3e) normally 
caused by calorie restriction, prevented isolated Paneth cells from 
enhancing organoid formation when cultured with ISCs (Fig. 3f), 
and abolished the increase in Olfm4* ISC and cryptdin 4* Paneth 
cell numbers observed in calorie restriction in vivo (Supplementary 
Fig. 7a, b). To confirm that persistent mTORC1 activity negates the 
increase in Paneth cell frequency observed under calorie restriction, 
Tscl—a negative regulator of mTORCl—was excised using 
Tscl'?/"°P. Rosa26-creERT2 mice. The excision of Tscl during 
calorie restriction (similar to Rheb2 induction) prevented the increase 
in Paneth cell frequency as assessed by flow cytometry (Supplementary 
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Fig. 7c). Thus, persistent mTORC1 activity during calorie restriction 
is sufficient to prevent Paneth cells in calorie-restricted mice from 
promoting ISC function (Fig. 3e, f and Supplementary Fig. 7a-c). 

As constitutive activation of mTORC1 abrogated the effects of 
calorie restriction, we asked whether inhibition of mTORC1 with 
rapamycin mimics the effects of calorie restriction. Indeed, admin- 
istration of rapamycin for 4 weeks to mice increased the frequency of 
ISCs and Paneth cells by more than 1.5-fold (Fig. 3g, h), and crypts 
isolated from mice treated for just 1 week with rapamycin were as 
capable of forming organoid bodies as those from mice on calorie 
restriction (Fig. 3i). Furthermore, rapamycin increased the clonogeni- 
city of crypts irrespective of whether they were isolated from adult 
intestines expressing or lacking Rictor, a necessary and specific com- 
ponent of mTORC2 (Fig. 3k)”. These data indicate that rapamycin 
mediates this enhancement in crypt clonogenicity by inhibiting 
mTORCI1 and does so independently of mTORC2. 

Like calorie restriction, rapamycin acts non-autonomously because 
when Paneth cells isolated from rapamycin-treated mice were mixed 
with ISCs from control or rapamycin-treated mice, they caused a 
prominent increase in the formation of primary and subcloned 
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Figure 3 | mTORCI signalling in Paneth cells mediates the effects of calorie 
restriction on ISC function. a, Schematic of the Tet-ON human RHEB2 
transgene (Rheb-tg). b, Doxycycline (dox) induced Rheb2 protein and S6 
phosphorylation in the liver (background band, BG). ¢, d, Fasted Rheb-tg mice 
demonstrated increased immunostaining of pS6 in intestinal epithelium 

(c) and in isolated Paneth cells (d) upon doxycycline injection. WT, wild type. 
e, f, Induction of Rheb2 from the start of calorie restriction abrogated the 
enhancement in organoid formation per crypt (n = 3) (e) and per Lgrs™ ISC 
co-cultured with Paneth cells (m = 5) (f). g, h, Four weeks of rapamycin (R) 
(n = 13) increased the in vivo frequency of Lgr5® ISCs (g) and Paneth cells 
(h) compared to vehicle (V) (m = 14) as measured by flow cytometry. 


i, j, Organoid potential of intestinal crypts (n = 3) (i) and ad libitum fed Lgr5™ 
ISCs with Paneth cells (n = 5) (j) from rapamycin, calorie restricted, or calorie- 
restricted and rapamycin-treated mice. NS, not significant. k. Rapamycin 
increased crypt organoid formation in Rictor-deleted Rictor™"UBC-creERT2 
mice (n = 3) to a similar extent as in wild-type (WT) mice. 1, Organoid 
formation of Lgr5™ ISCs combined with Paneth cells from rapamycin-treated 
mice was significantly increased in comparison to Paneth cells from vehicle- 
treated mice (n = 5). m, Dissociated primary organoids derived from 
rapamycin-treated Paneth cells gave rise to more secondary organoids (n = 5). 
(Unless otherwise indicated, in all panels: values are mean; error bars indicate 
s.d.; scale bars are 20 pum; *P < 0.05; **P < 0.01; ***P < 0.001.) 
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secondary organoid bodies (Fig. 3j, 1, m). Moreover, rapamycin treat- 
ment and calorie restriction did not have additive effects on either the 
ability of crypts (Fig. 3i) or Paneth cells (Fig. 3j, 1) to form organoid 
bodies, indicating that calorie restriction mediates many of its effects 
by reducing mTORC1. These data, together with the finding that 
calorie restriction and rapamycin have non-additive effects (Fig. 3i, j), 
demonstrate that calorie restriction and rapamycin indirectly promote 
ISC function and do so by reducing mTORC1 signalling in Paneth cells. 


Calorie restriction boosts Bst1 levels in Paneth cells 


Several observations indicate that calorie restriction and rapamycin 
induce a state in Paneth cells that is quite stable. For example, Paneth 
cells taken from calorie-restricted or rapamycin-treated mice main- 
tain their augmented capacity to promote ISC self-renewal even when 
placed in nutrient-rich media that should activate mTORC1 (Figs 1h 
and 31). Similarly, Paneth cells isolated from mice that had been on 
calorie restriction, but were returned to an ad libitum diet for 3 days, 
also retain an enhanced capacity to promote ISC function in the 
organoid assay (Fig. 1m). To gain a mechanistic insight into how 
calorie restriction mediates its effects in Paneth cells, we undertook 
gene expression profiling of Paneth cells isolated by flow cytometry 
from ad libitum fed and calorie-restricted mice (n = 3 and 4, respect- 
ively). Calorie restriction significantly changed the expression of 401 
genes (P< 0.01), including 57 that encode cell-surface or secreted 
proteins; however, there were no changes in pathways previously 
implicated in mediating the Paneth cell and ISC interaction, such as 
Wnt or Notch (Fig. 4a, b and Supplementary Table 1)". 

Of the genes upregulated by calorie restriction, we focused on Bst1 
because its expression in bone marrow stromal cells promotes the 
proliferation of haematopoietic progenitors”. Bst1 is an ectoenzyme 
that converts NAD+ to cyclic ADP ribose (cADPR), a paracrine 
effector that enters responder cells via nucleoside transporters to 
activate calcium signalling and promote proliferation. Calorie restric- 
tion increased Bst] mRNA and protein expression in Paneth cells and 
caused a shift in its SDS-PAGE mobility, indicative of protein proces- 
sing (Fig. 4b-d). Notably, although the addition of cADPR to crypt 
culture boosted the organoid-forming potential of crypts in ad libitum 
fed mice, it did not augment the ability of crypts in calorie-restricted 
mice to form organoids (Fig. 4e). Lastly, we asked whether Bst1 was 
necessary to mediate the effects of calorie restriction in the organoid 
formation assay (Fig. 4f, g). Indeed, knockdown of Bst1 mRNA with 
two independent functional siRNAs abrogated the enhanced capacity 
of crypts in calorie-restricted mice to form organoids, and the addi- 
tion of exogenous cADPR was sufficient to rescue the loss of Bst1. 
These data demonstrate that calorie restriction, in an mTORC1- 
regulated manner, induces Bst1 in Paneth cells, that Bst1 is necessary 
to mediate many of the effects of calorie restriction, and that cADPR 
substitutes for Bst1 in the organoid assay. 


Discussion 


Our data favour a model in which the mammalian intestinal stem-cell 
niche couples organismal nutritional status to stem-cell function. 
Reduced calorie intake leads to more ISC self-renewal (expansion of 
phenotypic ISCs in vivo), an accompanying increase in the ISC niche, 
and to an increase in ISC function and regeneration in vivo and in 
vitro. Although it is unclear why calorie restriction increases ISC 
numbers and function, one possibility is that in low calorie conditions 
it may be advantageous for ISCs to shift the balance slightly towards 
self-renewal while reducing the pool and proliferation of more differ- 
entiated transient amplifying cells. Preserving or increasing the stem- 
cell pool may better prepare the intestine for rapid regeneration once 
nutrients become available and so enable organisms to adapt to periods 
of prolonged famine interspersed with times of abundant food. 
Non-cell-autonomous mechanisms also orchestrate intestinal 
remodelling in the Drosophila mid-gut, highlighting the importance 
of the stem-cell niche as a sensor of organismal physiology in diverse 
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Figure 4 | Calorie restriction enhances expression of Bst1 in Paneth cells, 
the product of which, cADPR, enhances ISC function. a, Transcriptional 
profiling of Paneth cells from calorie-restricted and ad libitum mice (n = 4 and 
3, respectively) identified significant expression changes in 401 genes, 57 of 
which encode plasma-membrane-associated or secreted proteins. b, Validation 
of the increased transcription of Bst1 by (RT-PCR (n = 3). ¢, d, Increased Bst1 
protein in crypts from calorie-restricted mice and rapamycin-treated mice 
detected via immunoblotting (c) and in calorie-restricted Paneth cells by 
immunostaining (d). e, Exogenous cADPR increased the organoid forming 
potential of crypts of ad libitum fed mice to an extent similar to that of crypts of 
calorie-restricted mice (n = 3). f, g, Inhibition of Bst1 by short interfering RNA 
(siRNA)-mediated knockdown (n = 3) (f) abrogated the enhanced potential of 
crypts from calorie-restricted mice to form organoids (n = 3) (g). h, A model of 
intestinal adaptation to calorie restriction by non-cell-autonomous regulation 
of ISC self-renewal. Calorie restriction attenuates mTORCI activity in the 
Paneth cells, resulting in increased expression of Bst1, whose paracrine product 
cADPR promotes ISC self-renewal. TA, transient amplifying. *P < 0.05; 

**D < 0.01; ***P < 0.001. Values are means and error bars indicate s.d. 


species”’. Fasting in Drosophila diminishes ISC numbers whereas re- 
feeding markedly expands them. In contrast, we find that calorie 
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restriction in the murine intestine preserves the numbers of ISCs, but 
reduces the numbers and output of transient amplifying cells. Flexible 
intestinal adaptation in the fly gut occurs by direct modulation of 
ISCs, the only cells capable of proliferation, whereas in the murine 
intestine such adaptation can be achieved by differentially regulating 
ISCs and the larger, more proliferative pool of transient amplifying 
cells. In both systems, however, ISCs respond to organismal demands 
in part by niche signals. 

Calorie restriction mediates many of its effects on ISCs by reducing 
mTORCI signalling in the ISC niche, emphasizing the importance of 
non-cell-autonomous mechanisms in intestinal adaptation and 
regeneration. Moreover, our data raise the possibility that the use of 
mTORC1 inhibitors or Bstl mimetics, such as US Food and Drug 
Administration (FDA)-approved drugs like rapamycin or cADPR, 
respectively, may have an application in improving intestinal regenera- 
tion and function in patients. It remains to be determined whether 
persistent mTORC1 activity in the ISC niche accounts for 
intestinal atrophy in intestinal diseases, and whether calorie restriction 
or rapamycin treatment can improve intestinal regeneration in these 
patients. 


METHODS SUMMARY 


The Rheb2 transgenic mouse was produced as described previously** using the 
human RHEB2 coding sequence. Mice used in this study include Lgr5-EGFP- 
IRES-creERT2, Rosa26-creERT2, UbiquitinC-creERT2 (all obtained from the 
Jackson Laboratory), Rictor?*?, and TSC”. All were maintained on a C57BL/6 
background. Calorie restriction was achieved by providing individual or paired 
mice with a daily portion of a chow diet fortified with vitamins and minerals 
amounting to 60% of the daily food intake of their ad libitum counterparts”. All 
mice used in calorie restriction experiments were between the ages of 10-28 weeks 
and were killed before their daily feeding. Intestinal crypts and ISCs were isolated 
and cultured as adapted from refs 14, 22. Unless otherwise indicated, data are 
presented as means + s.d. and two-tailed Student’s t-tests were used to assess 
statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice and calorie restriction. Mice were housed in the Unit for Laboratory 
Animal Medicine at the Whitehead Institute for Biomedical Research. Lgr5- 
EGFP-IRES-creERT2 mice (strain name: B6.129P2-Lgr5tm1(cre/ERT2)Cle/J, 
stock number 008875) were purchased from Jackson Laboratories. UbiquitinC- 
creERT2 mice were obtained from the Jackson Laboratory (strain name B6;129S- 
Tg(UBC-cre/ERT2)1Ejb/J, stock number 007001). Rictor floxed mice were 
generated as described previously” and backcrossed to C57BL/6 for at least 
six generations. Tsc1'°*?""*? mice were a gift of D. Kwiatkowski and backcrossed 
to C57BL/6 mice for at least six generations. Rosa26-creERT2 mice (Rosa26 or 
R26) were obtained from the Jackson Laboratory (strain name B6.129- 
Gt(ROSA)26Sor'”™(#FRT2)D4/7 stock number 008463). Calorie restriction was 
achieved by providing individual or paired mice with a daily portion of a chow 
diet fortified with vitamins and minerals amounting to 60% of the daily food 
intake of their ad libitum counterparts”’. All adult mice used in calorie restriction 
experiments were between the ages of 10-28 weeks and were killed before their 
daily feeding. Rictor or Tsc1 was excised by treatment with tamoxifen suspended 
in corn or sunflower seed oil (Spectrum) at a concentration of 10 mg ml~ 1 and 
200 ll per 25 g of body weight was injected intraperitoneally into mice once daily 
for 5-7 days. Control mice received an equal volume of the tamoxifen suspension, 
but did not express the CreERT2 fusion protein. Mice were allowed to recover for 
at least 7 days after the last tamoxifen injection before any experiments. As 
described previously, rapamycin (LC Laboratories) was administered by 
intraperitoneal injection for 7-28 consecutive doses at 4mg kg! It was recon- 
stituted in absolute ethanol at 10 mg ml! and diluted in 5% Tween-80 (Sigma) 
and 5% PEG-400 (Hampton Research) before injection. The final volume of all 
injections was 200 pl. Regular insulin (Lilly) was administered at 0.75 Ukg ' 
diluted in PBS 20 min before killing fasted mice. 

Generation of Rheb2 transgenic mouse. The Rheb2 transgenic mouse was pro- 
duced as described previously”. Briefly, mouse embryonic stem cells (KH2) were 
obtained containing a neomycin resistance gene as well as a hygromycin resist- 
ance gene lacking a promoter and an ATG start codon at the Cola1 locus. The 
presence of frt sites flanking the neomycin and hygromycin resistant genes allows 
site-specific integration of the transgene at the Cola1 locus. These embryonic cells 
also contain an M2rtTA transactivator at the endogenous Rosa26 promoter, 
which, in the presence of doxycycline, leads to the transactivation of tetO- 
promoter driven transgenes. The human RHEB2 coding sequence was cloned 
into a vector downstream of a tetO promoter that also contained a PKG-ATG-frt 
element necessary for frt-site integration. This vector, along with another vector 
contained the FLPe recombinase, were then electroporated into the KH2 cells. As 
a result, the coding sequence for human RHEB2 along with a PGK promoter and 
the ATG initiation codon necessary for the expression of the hygromycin resist- 
ance gene is integrated into the genomic DNA of the KH2 cells at the Cola1 locus. 
Cells with properly integrated human RHEB2 were then selected by hygromycin 
resistance and subsequently injected into blastocysts. Chimaeric mice were then 
mated with C57BL/6] mice until germline transmission of the transgene was 
achieved. 

PCR genotyping of the human RHEB2 transgenic mouse was performed with 
the following primers: Rheb-tg_F, 5'-CCAATTTGTGGAAGGCGAGTT-3’, 
Rheb2-TG_R, 5'-CCATGGCCTTCATGTAGCTT-3’. 

Immunohistochemistry and fluorescence. Tissues were fixed in 10% formalin, 
paraffin embedded and sectioned. Antigen retrieval was performed with Borg 
Decloaker RTU solution (Biocare Medical) in a pressurized Decloaking Chamber 
(Biocare Medical) for 3 min. Antibodies were: rat anti-BrdU (1:2,000; Abcam 
6326), rabbit phospho-S6 Ser235/236 (1:500, CST 4858), rabbit cleaved caspase 
3 (1:500; CST 9664), rabbit chromogranin A (1:3,000, Abcam 15160), rabbit 
lysozyme (1:2,000; Thermo), rabbit Bst1 (1:1,000, Abcam 74301) and mouse 
Bst1 (1:100 to 500, BD Pharmingen). For mouse Bst1, the MOM (mouse on 
mouse) kit was used according to the manufacturer’s instructions (Vector labs 
PK-2200). Biotin-conjugated secondary donkey anti-rabbit or rat antibodies 
were used from Jackson ImmunoResearch. The Vectastain Elite ABC immuno- 
peroxidase detection kit (Vector Labs PK-6101) followed by Dako Liquid DAB+ 
Substrate (Dako) was used for visualization. For immunofluorescence, Alexa 
Fluor 568 secondary antibodies (Invitrogen) were used. All antibody incubations 
were performed with Common Antibody Diluent (Biogenex). 

In situ hybridization. The in situ probes used in this study correspond to 
expressed sequence tags or fully sequenced cDNAs obtained from Open 
Biosystems. The accession numbers (IMAGE mouse cDNA clone in parenthesis) 
for these probes are as follows: mouse Olfm4 BC141127 (9055739), mouse cryptdin 
4 BC134360 (40134597). To ensure the specificity of the probes, we generated both 
sense and antisense probes by in vitro transcription using DIG RNA labelling mix 
(Roche) according to the manufacturer’s instructions and to previously published 
detailed methods”!”". 


Radiation and clonogenic microcolony assay. Ad libitum and calorie restriction 
adult mice were exposed to 15 Gy of ionizing irradiation from a 137-caesium 
source (GammaCell) and killed after 72h. The number of surviving crypts per 
length of the intestine was enumerated from haematoxylin and eosin stained 
sections. 

Immunoblotting. Antibodies: rabbit anti phospho-T389 S6K1, phospho-S240/ 
244 S6, S6K1, and S6 from CST; rabbit Bst1 (ab74301) from Abcam; mouse 
anti B-actin (clone AC-15) from Sigma. Crypts or tissue were rinsed once with 
ice-cold PBS and lysed in ice-cold lysis buffer (50 mM HEPES (pH 7.4), 40 mM 
NaCl, 2mM EDTA, 1.5mM sodium orthovanadate, 50mM NaF, 10mM 
pyrophosphate, 10 mM glycerophosphate, and 1% Triton X-100, and one tablet 
of EDTA-free protease inhibitors (Roche) per 25 ml). The soluble fractions of cell 
lysates were isolated by centrifugation at 13,000r.p.m. for 10min. Proteins 
extracts were denatured by the addition of sample buffer, boiled for 5 min, 
resolved by SDS-PAGE, and analysed by immunoblotting. 

Flow cytometry and isolation of ISCs and Paneth cells. Small intestines were 
removed and the fat/mesentery was dissected away. The intestinal lumen was 
washed with ice cold PBS (Mg—/Ca—) using a 18G feeding needle (Roboz FN- 
7905) until the intestines appeared white/pink. They were then opened 
longitudinally. The mucous was removed by gently rubbing the intestine between 
fingers in cold PBS. The intestines were cut into 3-5-mm fragments and placed 
into 50-ml conical tubes that were filled with ice-cold 30 ml of PBS (Mg—/Ca—)/ 
EDTA (10mM). The samples were incubated and shook intermittently on ice 
for 30min continuously discarding and replacing (at least three times) the 
supernatant. The fragments were then continually re-suspended with ice-cold 
30 ml PBS (Mg—/Ca—)/EDTA (10 mM) and intermittently shook on ice for 
10 min, discarding the supernatant again for three times. The fragments were 
re-suspended again with ice-cold 30 ml PBS (Mg—/Ca—)/EDTA (10 mM) and 
incubated and intermittently shook while waiting on ice for 20-40 min. The 
samples were then triturated with a 10-ml pipette 1 to 2 times, and the contents 
were filtered twice through a 70-tum mesh (BD Falcon) into a 50-ml conical tube 
to remove villous material and tissue fragments. At this point the suspension was 
mainly composed of crypts. Crypts were removed from this step for crypt culture 
experiments and embedded in matrigel with crypt culture media. For ISC isola- 
tion, the crypt suspensions were centrifuged for 5 min at 250g (4°C or room 
temperature). The pellets were gently re-suspended in 1.0ml of undiluted 
TrypLE Express (Invitrogen) + 120 ul of DNase I (10 U ull, Roche) and trans- 
ferred to 15-ml conical tubes. The samples were incubated in a 32 °C water bath 
for 1.25-2 min, were not titurated, and were then placed on ice. Twelve millilitres 
of cold SMEM was added to each sample and were gently triturated twice. The 
samples were then centrifuged for 5 min at 250g. The pellets were re-suspended 
and incubated for 15 min on ice in 0.5-1 ml SMEM that contained an antibody 
cocktail consisting of CD45-PE (eBioscience, 30-F11), CD31-PE (Biolegend, 
Mec13.3), Terl19-PE (Biolegend, Terl19), CD24-Pacific Blue (Biolegend, 
M1/69) and EPCAM-APC (eBioscience, G8.8). Twelve millilitres of SMEM were 
added and the samples were centrifuged for 5 min at 250g. The pellets were re- 
suspended with 0.5-2 ml (depending on the size of the pellet) of SMEM/7-AAD 
(7-aminoactinomycin D) solution (1:500 dilution). The samples were filtered 
through a 40-11m mesh (BD Falcon) before cell sorting. ISCs were isolated as 
Lgr5-EGFP™Epcam* CD24’ CD31 Terl19”CD45~7-AAD~, EGFP” 
progenitors were isolated as EGEP""’Epcam* CD24" CD31” Ter119” CD45” 7- 
AAD, and Paneth cells were isolated as CD24" 'Sidescatter™ ‘Ler5- 
EGFP Epcam* CD31 Terll9 CD45 7-AAD with a BD FACS Aria II SORP 
cell sorter into supplemented crypt culture medium. Dead cells were excluded 
from the analysis with the viability dye 7-AAD. 

When indicated, populations were cytospun (Thermo Cytospin 4) at 800 r.p.m. 
for 2 min, or allowed to settle at 37 °C in fully humidified chambers containing 6% 
CO; onto poly-L-lysine-coated slides (Polysciences). The cells were subsequently 
fixed in 4% paraformaldehyde (pH 7.4, Electron Microscopy Sciences) before 
staining. 

Crypt culture media. Isolated crypts were counted and embedded in matrigel 
(BD Bioscience 356231 growth factor reduced) that contained 1 [1M jagged (Ana- 
Spec) at 5-10 crypts per yl and cultured in a modified form of medium as 
described previously”. Briefly, DMEM/F12 (Gibco) was supplemented by EGF 
40ngml~' (R&D), Noggin 200ng ml’ (Peprotech), R-spondin 500ng ml! 
(R&D or Sino Biological), N-acetyl-L-cysteine 1M (Sigma-Aldrich) and 
Y-27632 dihydrochloride monohydrate 20ng ml (Sigma-Aldrich). cADPR 
(Sigma), when indicated, was added to culture at 50 uM. 30-50 ll drops of matri- 
gel with crypts were plated onto a flat bottom 48-well plate (Corning 3548) and 
allowed to solidify for 20-30 min in a 37 °C incubator. Three hundred and fifty 
microlitres of crypt culture medium was then overlaid onto the matrigel, changed 
every other day, and maintained at 37 °C in fully humidified chambers containing 
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6% CO. Clonogenicity (colony-forming efficiency) was calculated by plating 50- 
400 crypts and assessing organoid formation 3-7 days after initiation of cultures. 
Culture of isolated cells in supplemented crypt culture medium. Isolated ISCs 
or Paneth cells were centrifuged for 5 min at 250g and then re-suspended in the 
appropriate volume of crypt culture medium (500-1,000 cells jul *) supplemented 
with 1X N2 (Invitrogen), 1X B27 (Invitrogen), 100 ng ml | Wnt-3A (R&D), and 
with additional 500ng ml‘ R-Spondin to yield 1 jg ml‘ final concentration. 
ISCs were then seeded into matrigel (BD Bioscience 356231 growth factor reduced) 
containing 1 uM jagged (Ana-Spec) up to 5,000-10,000 cells per 30-50 ul. Drops of 
30 pl of 65% matrigel were plated onto a flat bottom 48-well plate (Corning 3548) 
and then Paneth cells were added at the same cell count to the top of the matrigel 
drop. Alternatively, ISCs and Paneth cells were mixed after sorting in a 1:1 ratio, 
centrifuged, and then seeded into matrigel. The matrigel drops with ISCs and 
Paneth cells were allowed to solidify for 20-30 min in a 37°C incubator. Three 
hundred and fifty microlitres of crypt culture medium was then overlayed onto the 
drops of matrigel and maintained at 37 °C in fully humidified chambers containing 
6% CO>. The crypt media was changed every second day. Organoid bodies were 
quantified on days 3, 7 and 9 of culture, unless otherwise specified. In subcloning 
experiments, either individual or cultures of organoids were manually disrupted as 
indicated in the text on day 7-9 by rigorous tituration and replated into fresh 
matrigel; these secondary organoid bodies were quantified on day 18 after ini- 
tiation of the primary cultures. When indicated, crypts were transfected with 
100nM siRNAs targeting Bst1 (Thermo Scientific, J-044021-11 and J-044021- 
12) using the X-Tremegene siRNA transfection reagent, by incubating the crypts 
at 37 °C for 30 min with transfection mixture in crypt medium before mounting to 
matrigel. 

Microarray analysis and validation. Approximately 100,000 Paneth cells were 
collected directly to the RLT buffer of the RNeasy plus extraction kit (Qiagen) by 
the flow cytometry isolation protocol. Total RNA extracts were subjected to 
microarray analysis by standard protocols of the Whitehead Institute Genome 
Technology Core (http://jura.wi.mit.edu/genomecorewiki/index.php/Main_Page) 


ARTICLE 


using GeneChip Mouse Gene 1.0 ST arrays (Affymetrix). Expression analysis was 
conducted with the help of Whitehead Institute Bioinformatics and Research 
Computing. Briefly, CEL files were pre-processed with RMA using Bioconductor 
and the package oligo, and differential expression was assayed by moderated t-test, 
as implemented by limma. Expression changes were validated by qRT-PCR using 
oligos: Bst-1 5’-ACCCCATTCCTAGGGACAAG-3’, 5'-GCCTCCAATCTGTCT 
TCCAG-3’; Wnt3a 5'-GGGAGAAATGCCACTGTGTT-3’, 5’-TCTCCGCCCTC 
AAGTAAGAA-3’, Myc 5'-TCTCCACTCACCAGCACAAC-3’, 5'-TCGTCTGC 
TTIGAATGGACAG-3', Gapdh 5'-TGTTCCTACCCCCAATGTGT-3’, 5'-TGTG 
AGGGAGATGCTCAGTG-3’. 

Electron microscopy. Immediately after removal from the animal, 1.0-mm 
sections of mouse intestine were placed into Karnovsky’s KII solution (2.5% 
glutaraldehyde, 2.0% paraformaldehyde, 0.025% calcium chloride, in a 0.1M 
sodium cacodylate buffer, pH 7.4), fixed overnight at 4°C, and stored in cold 
buffer. Subsequently, they were post-fixed in 2.0% osmium tetroxide, stained en 
bloc with uranyl acetate, dehydrated in graded ethanol solutions, infiltrated with 
propylene oxide/Epon mixtures, flat embedded in pure Epon, and polymerized 
over night at 60°C. One-micrometre sections were cut, stained with toluidine 
blue, and examined by light microscopy. Representative areas were chosen for 
electron microscopic study and the Epon blocks were trimmed accordingly. Thin 
sections were cut with an LKB 8801 ultramicrotome and diamond knife, stained 
with Sato’s lead, and examined in a FEI Morgagni transmission electron micro- 
scope. Images were captured with an AMT (Advanced Microscopy Techiques) 
2K digital CCD camera. 
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A map of nucleosome positions in yeast at 


base-pair resolution 


Kristin Brogaard!, Liqun Xi’, Ji-Ping Wang” & Jonathan Widom!*t 


The exact positions of nucleosomes along genomic DNA can influence many aspects of chromosome function. However, 
existing methods for mapping nucleosomes do not provide the necessary single-base-pair accuracy to determine these 
positions. Here we develop and apply a new approach for direct mapping of nucleosome centres on the basis of chemical 
modification of engineered histones. The resulting map locates nucleosome positions genome-wide in unprecedented 
detail and accuracy. It shows new aspects of the in vivo nucleosome organization that are linked to transcription factor 
binding, RNA polymerase pausing and the higher-order structure of the chromatin fibre. 


Nucleosomes distort and occlude the genomic DNA from access to 
most DNA-binding proteins, and their exact positions affect the 
structure of the chromatin fibre’. Even single base-pair shifts of the 
position of a nucleosome can change chromatin configurations* and 
protein binding kinetics*°. A map of nucleosome positions at single- 
base-pair resolution is necessary to understand fully a wide range of 
biological processes including RNA polymerase activity®*, transcription- 
factor binding kinetics**°”°, DNA replication'’’’, centromere struc- 
ture’** and gene splicing'*”*. 

The most commonly used method for nucleosome mapping relies 
on treatment of chromatin with micrococcal nuclease (MNase) to 
digest DNA sequences not protected by the histone core. The nucleo- 
some positions are indirectly inferred by the centres of undigested 
DNA sequence fragments. Although this method has provided 
insights into our understanding of nucleosomes, it is imprecise 
because of large variability of read lengths, transient unwrapping of 
nucleosomes, MNase sequence preferences and interference of other 
DNA-binding proteins’”**. Thus, a different approach is required to 
measure nucleosome locations with greater accuracy. 


A chemical approach to mapping nucleosomes 


We developed a new, genome-wide mapping approach that directly 
determines nucleosome centre positions with single-base-pair resolu- 
tion. It derives from earlier work in which localized hydroxyl radicals 
were used to map reconstituted mononucleosomes centre positions™*”’. 
In Saccharomyces cerevisiae we introduced a unique cysteine into histone 
H4 at position 47 (H4S47C) to covalently attach a sulphhydryl-reactive, 
copper-chelating label, N-(1,10-phenanthroline-5-yl)iodoacetamide. 
This cysteine mutation positions the label in close proximity to the 
DNA backbone and at sites symmetrically flanking the nucleosome 
centre (Fig. la). Log-phase yeast was collected and permeabilized 
immediately**~’. The label was subsequently introduced to the cells, 
where it reacts with the cysteines present in histone H4. Addition of 
copper and hydrogen peroxide catalyses the formation of short-lived 
hydroxyl radicals that react with and cleave the DNA backbone 
(Supplementary Methods). This strategy leads to a highly specific 
cleavage of the DNA backbone at sites that symmetrically flank the 
nucleosome centre****. On an agarose gel, a DNA banding pattern 
forms only when the reaction includes the sulphhydryl-reactive label, 


copper, H,O, and the H4S47C mutant yeast, where the smallest frag- 
ment corresponds to DNAs between the centres of neighbouring 
nucleosomes (Fig. 1b). 

We purified and sequenced the lowest molecular weight DNA band 
from the agarose gel (Fig. 1b) in six independent experiments (four with 
single-end and two with paired-end parallel sequencing), and produced a 
map of 105 million cleavages on each DNA strand (Figs 1c and 2a). The 
cleavage peaks on opposite DNA strands show two important correla- 
tions: a separation by either +2 or —5 nucleotides (with the 5’ to 3’ 
direction defined as positive) (Fig. 2b). This pattern is expected if 
cleavage occurs mainly at positions — 1 (primary site) and +6 (secondary 
site) relative to the nucleosome centre (Fig. 1c), similar to that described 
for reconstituted mononucleosomes*** (Supplementary Methods). 
The dominance and sharpness of these peaks show that the chemical 
maps contain high-resolution nucleosome positioning information. 

We defined the nucleosome centres by identifying the characteristic 
pattern of chemical cleavages genome-wide (Supplementary Methods). 
We first trained a single-template model and then a four-template 
model to represent the average cleavage pattern at eight nucleotide 
positions centred around the primary and secondary sites (Sup- 
plementary Table 1). The four-template model accounts for four 
principal distinct cleavage patterns associated with nucleotide com- 
position at positions —3/+3 and outperforms the single-template 
model (Supplementary Fig. la-c). The templates were built into a 
Bayesian deconvolution algorithm to calculate the nucleosome centre 
positioning (NCP) score at every genomic location. A larger NCP score 
means more cleavages observed in positions that conform to primary 
and secondary site configuration, thus indicating more well-positioned 
nucleosomes. Nucleosome centres were defined on the basis of the 
magnitude of the NCP score-to-noise ratio (Fig. 2a and Supplemen- 
tary Fig. 1d). 

Comparing two independent chemical mapping experiments, the 
resulting nucleosome positions are extremely consistent (Fig. 2c). 
Hence we combined the six independent data sets and produced a 
final unique map of 67,543 nucleosomes (Supplementary Methods), 
allowing two neighbouring nucleosomes to overlap by no more than 
40 base pairs (bp) (occupying 79.9% of the genome, Supplementary 
Table 2); and a redundant map of 351,264 nucleosomes (allowing 
nucleosomes to overlap arbitrarily) by including all positions whose 


1Department of Molecular Biosciences, Northwestern University, Evanston, Illinois 60208, USA. Department of Statistics, Northwestern University, Evanston, Illinois 60208, USA. *Department of 


Chemistry, Northwestern University, Evanston, Illinois 60208, USA. 
tDeceased. 


496 | NATURE | VOL 486 | 28 JUNE 2012 


©2012 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


Centre axis 
a ! b Sulphhydryl Label + + 
Copper and H,0, eb - 
Wild type H4S47C 
— : iy 
1,000 Se — 
— => 
— = 500 
_ =— Po 
— 200 
100 al 
50 
¢ 5 6 = -4 3 -2 -1 0 wt 42 43 44 45 2 OF 
°. 0. 0. oO. co} ce} 0. oO fe) oO ° 
Centre 
° ° 0 (} ° ° fe) {} ‘0 fo) 
3 «+6 +5 +4 43 +2 +1 0 -1 -2 3 4 5 -6 5 


@ First nucleotide in sequencing tag: primary site 
Sulphhydryl-reactive 


label location 


Figure 1 | Mapping nucleosome centres by site-specific chemical cleavage. 
a, Nucleosome structure, highlighting histone H4 (green) and residue serine 47 
(pink), which is mutated to a cysteine where the sulphhydryl-reactive label 
covalently binds. b, Ethidium-bromide-stained agarose gel showing the 
chemical mapping results ina DNA banding pattern, which occurs only when 


NCP score-to-noise ratio exceeded the smallest ratio value from the 
unique map (Supplementary Table 3). The chemical map shows 
general accordance with published MNase maps (MNase 1 (ref. 30) 
and MNase 2 (ref. 31)) of nucleosome positions, establishing that the 
chemical mapping technique does map nucleosome centres (Fig. 2a, d 
and Supplementary Fig. 2a, b). All analyses (unless indicated) pre- 
sented in the main text use the unique set of nucleosomes. Important 
conclusions drawn from the unique map were confirmed using the 
redundant map, and results are presented separately in Supplemen- 
tary Fig. 12. 

The current chemical data show unbalanced cleavage patterns 
between the two strands at nucleosomes flanking long linkers includ- 
ing nucleosome-free regions upstream of transcription start sites 
(TSSs) (Supplementary Fig. 3a). As only the densest portion of the 
lowest molecular mass DNA fragment (~125-200 bp) was isolated 
from the agarose gel, DNA fragments spanning longer linkers were 
selected against (Fig. 1b). We confirmed this by isolating and sequen- 
cing DNA fragments of higher molecular mass (~200-500 bp) pro- 
duced from one chemical mapping experiment (Supplementary 
Methods). The resulting data recovered the expected symmetric 
cleavage pattern at nucleosomes flanking the nucleosome-free 
regions (Supplementary Fig. 3b), and confirmed that failure to map 
nucleosomes because of consecutive long linkers is not a concern in 
the current data (Supplementary Fig. 3c). The cleavage asymmetry is 
not problematic for defining nucleosome centres, as one strand can 
still give a local maximum positioning score in our Bayesian de- 
convolution approach. 


Nucleosome overlap and base composition 

The chemical map shows detail of competing preferential nucleosome 
positions genome-wide. The redundant map suggests that in a popu- 
lation of cells nucleosomes often maintain several overlapping 
positions, creating closely clustered cleavage sites (Supplementary 
Fig. 4a, b). These sites were deconvoluted to yield locations and relative 
abundance of overlapping nucleosomes. Strikingly, overlapping 
nucleosomes are predominantly spaced by integral multiples of the 


First nucleotide in sequencing tag: secondary site 


the reaction includes (indicated by ‘+’) the sulphhydryl-reactive label, copper, 
HO, and the H4S47C mutant yeast. The cartoons adjacent to the agarose gel 
illustrate mapping successive nucleosome centres produced the banding 
pattern. c, Locations of dominant hydroxyl radical cleavages relative to the 
nucleosome centre (base pair 0). 


DNA helical repeat (~10 bp) (Fig. 2e and Supplementary Fig. 4b). 
This result accords with ~10-bp periodic cleavage endpoints in 
MNase maps**”? and clarifies that MNase cleavage periodicities reflect 
several nucleosome positions instead ofan artefact of the MNase itself. 
This overlapping positioning of nucleosomes could be a consequence of 
the population or dynamic average, or even the co-existence of 
overlapping nucleosomes on the same DNA molecule**. By shifting 
in 10-bp steps (one helical turn), nucleosomes can maintain the 
local chromatin three-dimensional structure, while sampling several 
positions. 

Nucleosomes in vivo are enriched for particular DNA sequence 
motifs at particular points along the nucleosomal DNA, most notably 
~10-bp periodic occurrences of AA/TT/AT/TA dinucleotides that 
are favoured when the DNA backbone (minor groove) faces inwards 
towards the histone core, and CC/CG/GC/GG dinucleotides when the 
DNA backbone faces outwards*”**°*. These signals are seen in the 
chemical map with a period of 10.3 bp, and are far stronger than what 
was seen from MNase maps (Figs 3a, b and Supplementary Fig. 5a), 
suggesting that imprecision in the MNase maps degrades the 
sequence alignment. The ~0.2-bp difference between the dinucleotide 
periodicity and the classical helix repeat length (that is, 10.5 bp 
(ref. 37)) implies that DNAs probably over-stretch by 1-2 bp to accom- 
modate the packing constraints of nucleosome structures in the chro- 
matin fibre’. The strength of dinucleotide signal increases with the 
NCP score-to-noise ratio, suggesting that stronger dinucleotide 
sequence features are associated with positioning of more stable 
nucleosomes (Fig. 3a). 

These dinucleotide signals are average features of the aggregated 
nucleosomes in the unique set, and of the overlapping nucleosomes 
(Supplementary Fig. 5b). The unique nucleosomes show an average of 
40-50% occurrence rate of AA/TT/AT/TA at peak positions while 
lacking a dominant AA/TT/AT/TA bias at the edges of the nucleo- 
somes observed in MNase maps (Fig. 3b)'’?'. The preferences of 
nucleotide five-base polymers from the chemical map agree well with 
those measured by MNase, including the strong negative preference 
of nucleosomes for A/T-rich pentanucleotides***’. However, both the 
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Figure 2 | Raw data, defined nucleosomes and pairwise comparison of 
nucleosome maps. a, Screenshot of raw data, nucleosome centre positioning 
score (NCP score), defined unique nucleosomes and two MNase maps (MNase 
1 (ref. 30) and MNase 2 (ref. 31)). b, Crick-Watson cleavage peak—peak 
distances showing two dominant distances: +2 and —5 nucleotides. 

c, Distances between the nearest nucleosome centres in two independent 
chemical maps and d, in the combined chemical map compared with the 
MNase 1 map. e, Distance between nucleosome centres in the redundant map 
showing preferential spacing of multiples of ~10 bp. 


nucleosome and linker regions are less strongly biased against A/T 
pentanucleotides in the chemical map than in the MNase maps 
(Fig. 3c), indicating that MNase preferentially degrades A/T-rich 
nucleosomes. 

Intriguingly we noted a high frequency of occurrences (~0.6) of an 
A at position —3, and its symmetry-related T at position +3 relative 
to the nucleosome centre (Supplementary Figs 6 and 7). This high 
frequency has been observed in previous in vitro nucleosome posi- 
tioning studies, with a frequency of 0.5 at these two locations”. 
Nucleosomes lacking both A(—3) and T(+3) (10% of the unique 
set) show similar but slightly weaker dinucleotide preference patterns 
compared with those having one or two of these nucleotides 
(Supplementary Fig. 5c). However, we cannot exclude the possibility 
that the chemical map might present a minor bias favouring an A(—3) 
or a T(+3) on top of the true preference of these nucleotides. 


Global features of the nucleosome map 


The high-resolution chemical map allows for more accurate conclu- 
sions about global nucleosome features. We defined the nucleosome 
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Figure 3 | Nucleosome sequence preferences. a, Position-dependent 
frequencies of AA/TT/AT/TA dinucleotides in the chemical map, by quartiles 
of NCP score-to-noise ratio. b, Comparison of dinucleotide frequency between 
the chemical map and the MNase 1 map. The chemical map shows significantly 
stronger AA/TT/AT/TA dinucleotide signals, suggesting an improved centre 
alignment of nucleosomal DNA. ¢, Pentanucleotide preferences of 
nucleosomes (left) and linker DNA regions (right) in the chemical map 
compared with the MNase 1 map, coloured by numbers of A or T nucleotides. 


occupancy score at any given location as the total NCP scores in the 
+73-bp region after correction for cleavage asymmetry on the two 
strands and controlling for signal-to-noise ratio as done in the 
redundant map (Supplementary Methods). The chemical map repro- 
duces the well-known strong depletion of nucleosomes immediately 
upstream of the TSS*' exposing the binding sites of regulatory 
proteins, with ordered nucleosomes extending downstream over the 
protein coding sequence, and much weaker ordering upstream of the 
TSS (Fig. 4a). The average occupancy curve within 1,000 bp of TSS is 
highly consistent with that from the MNase map (r= 0.98, Fig. 4a), 
suggesting the chemical map can provide a reasonable measure of 
nucleosome occupancy. Substantial nucleosome depletion is shown 
at the ends of the open reading frames (Fig. 4a), implying that nucleo- 
some depletion at 3’ gene ends” is not an artefact of MNase digestion, 
but a real phenomenon. For transfer RNA (tRNA) genes, which are 
highly transcribed by RNA polymerase III and have their promoters 
inside the gene bodies”, the upstream nucleosomes are strongly 
ordered whereas the gene body regions are nucleosome-depleted 
(Fig. 4a). No particular ordering of nucleosomes was observed relative 
to exon-intron or intron—-exon boundaries (Supplementary Fig. 8a). 
We also observed strong ordering of nucleosomes on both sides of 
autonomously replicating sequences (ARS), and at centromere start 
(start of centromere DNA element I (CDEI)) and end (end of 
centromere DNA element III (CDEIII)) sites (Supplementary Fig. 8a, b). 
For the centromere sites, the nucleosome centres are highly localized at 
several specific positions, as shown by the sharp spikes of NCP score. 
Thus, the locations of the unique centromeric nucleosomes seem to be 
positioned relative to the exact locations of other key centromere- 
specific DNA-binding proteins. 

An important unresolved problem concerns the role of DNA 
sequence features in positioning nucleosomes in protein-coding 
regions. Nucleosomes can be classified, with +1 referring to a nucleo- 
some covering the start of the coding sequence, and +2 ... +n for 
each successive nucleosome downstream. Nucleosomes of all classes 
(not only evident in the —1 and +1 class**) show strong AA/TT/AT/ 
TA patterns with periodicity ranging from 10.20 to 10.26 bp, at which 
the amplitude of transform differs by no more than 5% between any 
two classes (Fig. 4b, Supplementary Fig. 9 and Supplementary 
Methods). Separate analysis using MNase data shows a similar but 
weaker periodic pattern, comparable across different classes (Fig. 4b 


©2012 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


Distance from TSS (bp) 


Distance from ORF end (bp) 


a > 

> 2 > 

2 Transcription start sites © ORF end sites 2 tRNA start sites 
6 1.5 2 10 g 

Q = Qa 12 

3 8 g 

8 °o 68 8 10 

o 91.0 £ 2 8 

EN 5 6 E 

B's 3 8 6 

ee B 4 8 

gee —— MNase 2 3 g 4 

c 2 =| 

2 —— Chemical & $ 2 

s () £ oO £0 

3 -1,000 -500 f°) 500 1,000 2 -1,000 -500 0 500 1,000 2 -400 -200 0 200 400 


Distance from tRNA start site (bp) 


b MNase 2 Chemical 
+1 Nucleosomes 
5.0.50 _. 0.50 +4 Nucleosomes 0.50 +6 Nucleosomes 
2 12) 
5 <4 
8 0.45 S 0.45 8 0.45 
fou fod fou 
= 0.40 £ 0.40 = 0.40 
< 
Ee Ee Ee 
& 0.35 e 0.35 z 0.35 
Sen E 0.30 5 0.30 
0.25 0.25 0.2 
-200 -100 0 100 200 -200 -100 ie) 100 200 -200 -100 0 100 200 


Distance from nucleosome centre (bp) 


Figure 4 | Genome-wide features of nucleosome positions. a, Genome-wide 
average nucleosome occupancy across all sites in the chemical map plotted 
relative to TSSs (3,017 in total*’), open reading frame (ORF) ends (centre) and 


and Supplementary Fig. 9). This suggests that DNA sequence features 
have an important role in detailed positioning of nucleosomes. A 
recent in vitro study“ postulates an ATP-facilitated positioning, 
suggesting that chromatin complexes may use ATP to override 
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tRNA start sites (right). b, AA/TT/AT/TA dinucleotide frequency within 
nucleosomes for nucleosome classes +1, +4 and +6 from the chemical map 
and the MNase 2 map. 


DNA-intrinsic positioning and drive directional packaging of nucleo- 
somes against a 5’ barrier at the 5’ ends of genes and to a lesser extent 
at the 3’ ends. Future studies are needed to understand the exact 
relationship of DNA sequence features and ATP in nucleosome posi- 
tioning in vivo. 


Chromatin structure and nucleosome spacing 


The length of free DNA between two neighbouring nucleosomes 
(linker length) is a crucial determinant in the structure and compac- 
tion of the chromatin fibre and is directly related to the regulation of 
DNA-associated cellular processes***“°. The linker length distri- 
bution has a median of 23 bp (for linkers = 100bp) and shows a 
non-random pattern with a set of strong peaks at lengths equal to 3, 
15, 24, 34 and 44 bp, differing by multiples of the DNA helical repeat 
(Fig. 5a and Supplementary Fig. 10). If we add 1 or 2 bp uniformly to 
each linker length to account for over-stretching of nucleosome 
DNAs, the linker length will follow a form of 10.41n + 4.6bp or 
10.47n + 5.5 bp (for integer n) respectively by Fourier analysis (for 
linker lengths = 60bp). The actual over-stretching varies across 
nucleosomes, which may alter details of the linker length distribution. 
The non-random spacing of nucleosomes is also explicitly shown in 
the genomic DNA sequence. The periodicity of AA/TT/AT/TA motifs 
extends from the aligned unique nucleosomes to flanking regions 
beyond one nucleosome repeat length (Fig. 5b) with a period of 
10.26 bp and a phase offset that accords with nucleosome spacing of 
~10n + 5 bp, confirming the direct analyses above and previous find- 
ings’’ (Fig. 5c and Supplementary Methods). This suggests that given a 
nucleosome somewhere in the genome, the next nucleosome down the 
chain probably starts at approximately the opposite face of the double 
helical DNA, creating an open zigzag intrinsic chromatin structure, 
consistent with the two-start architecture of the 30 nm fibre®*. 


Nucleosomes and DNA-binding proteins 


We also examined the spatial relationships between nucleosomes and 
other high-resolution genomic features critical to genetic regulation. 


Figure 5 | Nucleosome spacing and higher-order chromatin structures. 

a, Linker length distribution for all ~67,000 unique nucleosomes (black), for 
the top 50% of nucleosomes with highest NCP score-to-noise ratio (red) and for 
~45,000 MNase 2 unique nucleosomes (blue). b, AA/TT/AT/TA frequency in 
the genomic DNA flanking the nucleosomes. c, Fourier transform of AA/TT/ 
AT/TA signals in the unique nucleosomes (red), in downstream flanking 
regions (black), and the mean (blue) and 95th centile (green) of transform in 
the flanking regions after permuting the phase offset between the flanking 
region and the mapped nucleosome (Supplementary Methods). 
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Functional transcription-factor-binding sites, defined as sites that are 
conserved and occupied in vivo”, were frequently contained inside 
mapped nucleosomes (Figs 6a, b, top and Supplementary Fig. 11a). 
This observation signifies that in a population of cells at any moment, 
some cells lack a nucleosome and have a bound factor, whereas other 
cells lack the bound transcription factor and have the nucleosome 
instead, or some cells might have transcription factor bound to the 
edge of the nucleosomes while the latter are partly unwrapped. More 
remarkably, within the nucleosome, transcription factor sites are 
strongly enriched at highly specific sites where the nucleosome 
sequence preferences best match those of the transcription factor; 
thus they can be predicted, given a position weight matrix for the 
transcription factor (Fig. 6a). Similarly, for the Hermes transposase, 
another sequence-specific DNA-binding protein, the transposon 
integration sites occur periodically through the nucleosome 
(Fig. 6b; bottom, and Supplementary Fig. 11b) at locations predictable 
by the transposase sequence specificity, demonstrating a type of mul- 
tiplexing of genomic information. 

Nucleosomes also influence elongation by RNA polymerase II 
(RNAP), with a recent genome-wide analysis showing enhanced 
pausing by RNAP predominantly within the first half of the nucleo- 
some’®. The chemical map shows enhanced pause sites across the full 
length of nucleosomes, suggesting that DNA downstream of the 
RNAP can remain wrapped even after RNAP has progressed far 
inside the nucleosome. However, we cannot exclude the possibility 
that this observation is complicated by the population average of 
nucleosomes from different locations within clusters. Notably, the 
RNAP pause sites do not occur at random locations in the nucleo- 
some: rather, they occur periodically, at the DNA helical repeat 
(Fig. 6c and Supplementary Fig. 11b), indicating that RNAP stalls 
preferentially at specific locations relative to the nucleosome rota- 
tional position. The locations at which RNAP pauses are best reflected 
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Figure 6 | High-resolution nucleosome centre positions relative to genomic 
features. a, Frequency of functional Abfl sites (left) and the average motif score 
calculated using position weight matrix for Abfl (right) relative to nucleosome 
centres. b, Frequency of all even-length functional transcription-factor-binding 
sites (top) and Hermes transposon integration sites (bottom) relative to the 
nucleosome centres. c, Frequencies of RNA polymerase II pause sites mapped 
inside nucleosomes +2 to +4 relative to the nucleosome centres, for wild-type 
yeast cells (top) and dst1-A yeast cells (lacking polymerase backtracking ability; 
bottom). 
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in a dst1-A strain that lacks the ability for RNAP to backtrack. 
Strikingly, in this mutant, RNAP pause sites again appear periodically, 
but at locations that are systematically displaced by ~5 bp: that is, by 
half of a DNA helical turn relative to the wild-type pause sites 
(Supplementary Fig. 11c). In the dst1-A strain, the RNAP has the 
greatest probability of pausing at locations where the DNA backbone 
faces out, away from the histones. This suggests that RNAP pauses at 
sites where further forward motion requires rotation around the DNA 
backbone, creating a steric clash between the polymerase and the 
histones. Conversely, the backtracking RNAP is most likely to pause 
at locations in the nucleosome at which the backbone faces inwards 
towards the histones (with maximal steric clash between histone and 
RNAP). In this situation, at the initiation of transcription, the first few 
forward steps will reduce this clash, as the polymerase rotates away 
from the histone surface. 


Conclusions and prospects 


We developed a new method for mapping nucleosome centres in yeast 
with unprecedented consistency and accuracy. The resulting map 
shows significantly stronger dinucleotide signals in nucleosome 
DNAs than MNase maps. These signals are present and comparable 
in nucleosomes spanning entire protein-coding regions, demonstrat- 
ing an important role of the DNA sequence features in detailed posi- 
tioning and spacing of nucleosomes genome-wide. The observed 
linker length distribution suggests that the genome prefers an orga- 
nized local chromatin structure. The exact locations of nucleosomes 
are associated with diverse biological phenomena, including the exact 
locations of transcription-factor-binding sites, transposon integration 
sites and RNAP pausing. We anticipate that this map will shed more 
light on many other genetic processes, including DNA replication, 
recombination, mutation, repair and genome evolution, because of 
the intimate relationship between nucleosome locations and these 
diverse processes. 


METHODS SUMMARY 


We genetically engineered S. cerevisiae to contain a cysteine at position 47 in 
histone H4. Cells grown to mid-log phase were collected, permeabilized and 
labelled with N-(1,10 phenanthroline-5-yl)iodoacetamide. The label covalently 
bound to the cysteine and allowed for copper chelation. Copper chloride, 
mercaptoproprionic acid and hydrogen peroxide were added sequentially, 
creating hydroxyl radicals that cleaved the nucleosomal DNA at sites flanking 
the centre. After the mapping reaction, the genomic DNA was purified from the 
cells and run on an agarose gel. The lowest molecular mass DNA fragment 
(~150-200 bp) was purified and prepared for high-throughput parallel sequencing. 
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The signature of orbital motion from the dayside of 


the planet t Bootis b 


Matteo Brogi', Ignas A. G. Snellen’, Remco J. de Kok’, Simon Albrecht’, Jayne Birkby' & Ernst J. W. de Mooij'"* 


The giant planet orbiting t Bodtis (named t Bodtis b) was amongst 
the first extrasolar planets to be discovered’. It is one of the brightest 
exoplanets and one of the nearest to us, with an orbital period of just 
a few days. Over the course of more than a decade, measurements of 
its orbital inclination have been announced’ and refuted’, and have 
hitherto remained elusive* *. Here we report the detection of carbon 
monoxide absorption in the thermal dayside spectrum of t Bootis b. 
At a spectral resolution of ~100,000, we trace the change in the 
radial velocity of the planet over a large range in phase, determining 
an orbital inclination of 44.5° + 1.5° and a mass 5.95 + 0.28 times 
that of Jupiter, demonstrating that atmospheric characterization is 
possible for non-transiting planets. The strong absorption signal 
points to an atmosphere with a temperature that is decreasing 
towards higher altitudes, in contrast to the temperature inversion 
inferred for other highly irradiated planets””®. This supports the 
hypothesis that the absorbing compounds believed to cause such 
atmospheric inversions are destroyed in t Bodtis b by the ultraviolet 
emission from the active host star’’. 

We observed t Bootis for three sessions of 6 h each during the nights 
of 1, 8 and 14 April 2011, using the Cryogenic Infrared Echelle 
Spectrograph (CRIRES”) at the Nasmyth A focus of the Very Large 
Telescope UT1, located at the European Southern Observatory (ESO) 
on Cerro Paranal, Chile. Targeting the planet almost continuously 
between orbital phase (g) 0.37 and 0.63, we collected 452 spectra at 
a resolution of R ~ 100,000 in the wavelength range 2,287-2,345 nm, 
centred on the 2-0 R-branch of carbon monoxide (CO). We used the 
ESO CRIRES data pipeline for the basic data reduction and the extrac- 
tion of the one-dimensional spectra. We subsequently extracted the 
signal of the planet using purpose-built algorithms, similar to those 
used for high-dispersion transit spectroscopy of HD 209458b”’, which 
are described in detail in Supplementary Information section 2. The 
most critical step in this analysis is the removal of telluric features 
caused by the Earth’s atmosphere, which completely dominate our 
spectra. This can be achieved without destroying the planetary sig- 
nature only because the signal from the planet moves significantly in 
wavelength during our observations, owing to its large change in radial 
velocity along the orbit. 

We cross-correlated each of the 452 extracted and processed spectra 
with a CO template (described in Supplementary Information section 
5.1), and subsequently aligned and combined all the cross-correlation 
functions, assuming a range of values for the maximum orbital radial 
velocity of the planet, Kp. Figure 1 shows the combined cross-correlation 
signal as function of Kp, corresponding to a wide range in orbital incli- 
nations. We detect a 60 absorption signal at Kp = 110.0 + 3.2kms_ 1 at 
a systemic velocity of —16.4kms° *, which is within the uncertainties of 
that of the host star!*, t Bodtis. The distributions of the values of the 
cross-correlated time series for points in the planet trail (the position of 
the planet in velocity space as function of time) and out of the planet trail 
are shown in Fig. 2. A detailed discussion of the noise properties of 
the cross-correlated time series and of the significance level of this 


detection is presented in Supplementary Information section 3. 
Figure 3 shows the radial velocity trail of the planet in CO over the full 
phase range of our observations. Combining the measured Kp with the 
maximum radial velocity of the host star, Ks = 0.4664 + 0.0033 km s ~ t 
(see Supplementary Information section 4), yields a star/planet mass 
ratio of 235.8 + 7.1. With a host stellar mass’* of Ms = 1.34 + 0.05 
Msun we derive a planetary mass of Mp = 5.95 + 0.28 Myyp. In addition, 
using Kepler’s third law, we determine a planetary orbital inclination 
of i=44.5°+1.5°. Note that orbital solutions to the long-term 
monitoring of the radial velocity variations of the host star show a 
modest preference’® for a slightly eccentric orbit with eccentricity 
e = 0.023 + 0.015. However, the combination of our planetary radial 
velocity data and a reanalysis of the stellar data in the literature shows 
no evidence for an eccentric orbit (see Supplementary Information 
section 4). We therefore adopt a circular orbit for t Bootis b in our 
analysis. 

Spectro-polarimetric observations'*”’ of t Bootis show that the host 
star exhibits strong differential rotation, with a period P,., ranging 
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Figure 1 | CO signal in the dayside spectrum of the extrasolar planet t 
Bodtis b. Shown is a colour scale plot of the carbon monoxide signal as 
function of heliocentric (systemic) velocity (V.,;) on the x axis, and the 
maximum radial velocity of the planet, Kp, on the left-hand y axis. The latter 
translates to an orbital inclination, as indicated by the scale on the right-hand y 
axis. Lighter colours indicate CO in absorption. A clear signal at the 6.26 level is 
visible at the systemic velocity of t Boétis (—16.4 kms"), as indicated by the 
vertical dashed line, for a maximum orbital radial velocity of the planet of 
Kp = 110.0 + 3.2kms |. This corresponds to an orbital inclination 
i= 44.5° + 1.5° and toa planetary mass of Mp = 5.95 + 0.28 Mjup. The signal is 
obtained by cross-correlating a template spectrum of CO lines with the 
CRIRES/VLT spectra, which were each shifted in wavelength using the planet's 
ephemeris assuming a particular value of Kp. This to compensate for the 
changing Doppler effect caused by the change in the planet’s radial velocity over 
the large range in phase. The significance of the signal and the properties of the 
cross-correlated noise are discussed in Supplementary Information. 
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Figure 2 | Comparison of in-trail and out-of-trail cross-correlation values. 
Shown are distributions of the values of the cross-correlated time series for 
points in the planet’s trail (grey) and out of the trail (black). The error bars 
denote the square root of the number of data points in each bin (10). The two 
distributions clearly deviate, with the in-trail distribution shifted to lower pixel 
values owing to the planet’s signal. A Welch t-test on the data rejects the 
hypothesis that the two distributions are drawn from the same parent 
distribution at the 6c level. 


from 3.0 to 3.9 days from the equator to the poles. It indicates that 
the stellar rotation at intermediate latitudes is synchronized with the 
planet’s orbital period (P = 3.312 days). If we assume that the stellar 
rotation axis is aligned with the normal to the orbital plane of the 
planet, the projected rotational velocity" of the star, vsin(i) ~ 15kms_', 
combined with a stellar radius’® of Rs = 1.46+ 0.05 Royy and our 
measurement of i, indeed corresponds to a stellar rotational period 
of Pot = 3.3 days, matching the planet’s orbital period. Therefore, in 
addition to synchronization, it suggests that the orbital plane and the 
plane of stellar rotation are not significantly misaligned. We point out 
that a large fraction of the hot Jupiters around hot stars (Tag > 6,250 K) 
such as Tt Bodtis, whose orbital alignment can be measured via 
the Rossiter-McLaughlin effect, exhibit strong misalignments'*”’. 
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Figure 3 | The orbital trail of CO absorption. a, The signature of CO in 
absorption is visible as a dark sinusoidal trace around the systemic radial 
velocity of t Bodtis, with Vp, the planet radial’s velocity with respect to the 
systemic velocity, changing from +80kms' ! at phase 0.37, to -80kms | at 
phase 0.63. In b, the data are shifted to the reference frame of t Bodtis b, after 
subtracting the planet’s radial velocity computed assuming a circular orbit and 
a system inclination of 44.5°: here the planet’s signal is recovered as a dark 
vertical trace around the planet’s rest-frame velocity of V;es, = 0 km s LA 
comparison between the observed trail and artificially generated data with the 
same noise properties is shown in Supplementary Fig. 4. 
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However, most of the massive planets (Mp > 3Myyp) are found in more 
aligned orbits”, and t Bodtis b does not break this trend. 

Our observations at high spectral resolution are only sensitive to 
narrow spectral features, because of the particular data reduction 
necessary to remove the telluric contamination. Owing to the high 
opacity at the wavelengths of molecular transitions, these narrow 
features probe the atmosphere at lower pressures than the surrounding 
continuum. The probed pressures are directly linked to the volume 
mixing ratio (VMR) of CO, but the depth of the absorption features in 
the emitted planetary spectrum depends on the relative temperatures 
at the altitudes at which the continuum and CO lines are formed. This 
means that there is a strong degeneracy between the temperature- 
pressure (T-p) profile of the planet’s atmosphere, and the VMR of 
CO. We compare our data with a range of models, in order to constrain 
the CO abundance and the T-p profile (see Supplementary 
Information section 5.2). We obtain a lower limit to the CO VMR 
by using the adiabatic lapse rate (dT/dlog)o(p) ~ 1,000 K at these tem- 
peratures), which is the maximum temperature gradient of a planet’s 
atmosphere before it becomes unstable to convection. An additional 
uncertainty is that the size of t Bootis b is unknown, because it is a non- 
transiting planet. Because the average radius of the 17 transiting hot 
Jupiters currently known”! with 3Mjup < Mp <9Myup is 1.15Rjup, we 
assume this value for the planet. When we set the temperature of the 
atmospheric layer in which the continuum is formed to T = 2,000 K 
(near the expected dayside equilibrium temperature for a planet 
without energy redistribution to the nightside), and use an adiabatic 
lapse rate, we require a CO VMR of 10°” to match the observed signal. 
If we assume a temperature of T=1,650K for the continuum 
photospheric layer (near the dayside equilibrium temperature for a 
planet with perfect redistribution of energy to its nightside), under 
similar adiabatic conditions, a CO VMR of 107 * is required. Note that 
this result is consistent with the metallicity of the host star, which 
corresponds to a CO VMR of ~10 *. We do not detect spectral 
features from methane or water vapour above a significance of 20, 
and we use our atmospheric models to derive upper limits to the relative 
abundances of these molecules; we find VMR(CH,4)/VMR(CO) < 1 
and VMR(H,0)/VMR(CO) <5 at the 90% confidence level. 

Photometric observations of hot Jupiters with the Spitzer Space 
Telescope have been interpreted as suggestive of atmospheric thermal 
inversions, characterized by molecular features in emission rather than 
in absorption, of which HD 209458b is the best-studied example. These 
inversions are probably fuelled by absorption of stellar radiation in a 
high-altitude absorbing layer. In such a model, a thermal inversion is 
more likely to occur in the most highly irradiated planets, for which 
indeed some evidence exists’. The planet t Bodtis b is more strongly 
irradiated than HD 209458b. However, it is clear that t Bootis b does not 
exhibit a strong thermal inversion over the pressure range probed by 
our observations, because we see the CO signal in absorption. Although 
the exact pressure range probed depends on the CO abundance, the 
inversion layer invoked to explain the emission spectrum of HD 
209458b encompasses such a wide range in atmospheric pressures that 
it is evident that t Bodtis b does not have an HD 209458b-type thermal 
inversion. Interestingly, the host star of t Bootis b exhibits a high level of 
chromospheric activity, and it has been recently suggested that hot 
Jupiters orbiting active stars are less likely to have thermal inversions"! 
because the strong ultraviolet radiation that accompanies chro- 
mospheric activity destroys the absorbing compound at high altitude, 
which would otherwise be responsible for the thermal inversion. 

These observations show that high-resolution spectroscopy from the 
ground is a valuable tool for detailed analysis of the temperature struc- 
ture and molecular content of exoplanet atmospheres. The technique 
that we used not only reveals its potential for transmission spectro- 
scopy’’, but also for dayside spectroscopy, meaning that atmospheric 
characterization is no longer constrained to transiting planets alone. 
Detection of different molecular bands will further constrain the rela- 
tive molecular abundances and T-p profiles. In addition, tracing the 
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signal along the orbit will reveal the planet’s phase function, which is 
linked to its global atmospheric circulation. Measuring this for differ- 
ent molecules may reveal changes between a planet’s morning and 
evening spectrum driven by photochemical processes. Furthermore, 
molecular line profiles, in both dayside and transmission spectra, can 
potentially show the effects of a planet’s rotational velocity, and unveil 
whether these hot Jupiters are indeed tidally locked. 
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Magnetic tornadoes as energy channels into the 


solar corona 


Sven Wedemeyer-Bohm’”, Eamon Scullion!, Oskar Steiner*, Luc Rouppe van der Voort', Jaime de la Cruz Rodriguez‘, 


Viktor Fedun® & Robert Erdélyi® 


Heating the outer layers of the magnetically quiet solar atmosphere 
to more than one million kelvin and accelerating the solar wind 
requires an energy flux of approximately 100 to 300 watts per 
square metre’ °, but how this energy is transferred and dissipated 
there is a puzzle and several alternative solutions have been pro- 
posed. Braiding and twisting of magnetic field structures, which is 
caused by the convective flows at the solar surface, was suggested as 
an efficient mechanism for atmospheric heating’. Convectively 
driven vortex flows that harbour magnetic fields are observed*"° 
to be abundant in the photosphere (the visible surface of the Sun). 
Recently, corresponding swirling motions have been discovered"! 
in the chromosphere, the atmospheric layer sandwiched between 
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the photosphere and the corona. Here we report the imprints of 
these chromospheric swirls in the transition region and low corona, 
and identify them as observational signatures of rapidly rotating 
magnetic structures. These ubiquitous structures, which resemble 
super-tornadoes under solar conditions, reach from the convection 
zone into the upper solar atmosphere and provide an alternative 
mechanism for channelling energy from the lower into the upper 
solar atmosphere. 

Chromospheric swirls are seen as narrow rotating rings (or ring 
fragments) in the core of the singly ionized calcium (Call) 854.2-nm 
absorption line that is formed in the chromosphere (Fig. 1b-d). Their 
diameters are typically of the order of 1,500 km, which is thousands of 
times larger than the diameters of terrestrial tornadoes. Swirls appear 
dark in the spectral line core images and have Doppler shifts corres- 
ponding to upward (line-of-sight) velocities of typically 4kms_*, with 
even larger peak values (Fig. 1d, Dopplergram). We detect a corres- 
ponding response in the atmospheric layers above the chromosphere 
by using the 30.4-nm (Hem), 17.1-nm (Ferx), 19.3-nm (Fe xu and 
Fe xxiv) and 21.1-nm (Fextv) channels of the SDO/AIA” (Figs 1d 
and 2c). We found 14 swirls with an average lifetime of 12.7 + 4.0 min 
during a 55-min-long observation sequence on 8 May 2011 (Fig. 2a and 
Supplementary Table 1). Statistically, there were 3.8 swirls in each 
1’ X 1’ field at all times, resulting in there always being approximately 
1.1 X 10° swirls on the solar surface (Fig. 1a). In view of the observational 
limitations, this number must be understood as a lower limit. 

Anexemplary swirl is illustrated in Fig. 1c, d. The chosen wavelength 
channels of CRISP and AIA effectively map the atmospheric layers 
with increasing height. The fact that we find a signal at the same 


Figure 1 | Observation of a swirl event and its coronal counterpart. Co- 
aligned and co-temporal solar observations made on 8 May 2011 using the 
Atmospheric Imaging Assembly (AIA) on board NASA’s space-based Solar 
Dynamics Observatory (SDO) (cadence, 12 s; image scale, 0.6'’ per pixel) and 
the Crisp Imaging Spectropolarimeter (CRISP) on the ground-based, Swedish 
1-m Solar Telescope (cadence, 14s; 47 line positions across the Cal 854.2-nm 
spectral line of the infrared triplet; image scale, 0.06’’ per pixel). a, Part of the 
full-disk AIA Ferx 17.1-nm channel with the field of view (FOV) of CRISP at 
the centre of the solar disk (blue box, 55’’ x 55’’). b, Corresponding CRISP 
image in the Cal 854.2-nm line core. c, Close-up of the region with a 
chromospheric swirl. d, Layered atmosphere from the photosphere (bottom 
panel: magnetogram, Fe! 630.2-nm continuum), through the chromosphere 
(Dopplergram, Ca 1 854.2 nm) and the transition region (He 11 30.4 nm) to the 
low corona (top: Fe Ix 17.1 nm). The visible radiation of the lower solar 
atmosphere is compared with high-resolution imaging of the extreme- 
ultraviolet radiation components. Here it is revealed that tornado-like swirls 
(c), previously only observed in the chromosphere, have a signal in the spectral 
lines formed in the hot solar corona (e). The line-of-sight component of the 
magnetic field (e, bottom) reveals the unipolar nature of the rotating structure. 
The concurrent transition region (e, middle) and low normalized coronal 
intensity (e, top) reveal radiative emission during the lifetime of the swirl, thus 
implying heating. See Supplementary Movie 1. 
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location in each subsequent co-aligned layer implies that these layers 
are connected by a coherent structure (visualized by the swirl axis 
in Fig. 1d). The enhanced normalized intensities in the 30.4-nm and 
17.1-nm channels, integrated across the swirl region (Fig. 1d, dashed 
boxes), shows that this event channels energy into the transition region 
and low corona (Fig. le). A signal in the 30.4-nm channel is found for 
all 14 swirls. Four of them also show co-aligned emission in the AIA 
channels at 19.3 and 21.1 nm, which implies that the vertical extents of 
the individual swirls vary (Fig. 2b and Supplementary Table 1). 

We found that at exactly the same spatial position as each swirl, 
there is at least one or often several bright points in the corresponding 
Fer continuum intensity, which maps the photospheric surface 
(Fig. 1d). These bright points are the observational signature of the 
footpoints of magnetic flux concentrations as seen in the simulta- 
neously recorded magnetogram (Fig. 1d). The time series of the mag- 
netograms (Fig. le, bottom) shows that the magnetic polarity and total 
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Figure 2 | Detected swirl events in the solar observations on 8 May 2011. 
a, Field of view of SST/CRISP at the centre of the solar disk (spatial coordinates 
x' and y’ refer to the de-rotated image), with all identified swirls marked with 
crosses and circles on top of an exemplary image in the Ca 11 854.2-nm spectral 
line core. The size of the circles represents the area attributed to the individual 
swirls. b, Close-ups (field of view 13” X 13”) of the Cam 854.2-nm line core 
maps for each of the 14 swirls (Supplementary Movie 2). c, Comparison of the 
Ca tlimages, and the SDO/AIA channels at 30.4, 17.1, 19.3 and 22.2 nm for four 
selected examples labelled on right. Swirl 3 is the hottest event with the 
strongest emission in the swirl centre in the 21.1-nm channel. There is also 
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magnetic flux are conserved during the lifetime of the swirls, which 
makes it unlikely that magnetic reconnection occurred. The observa- 
tions also strongly suggest that swirls are connected to magnetic field 
structures that couple the layers of the solar atmosphere from the 
photosphere to the corona. This conclusion is further supported by 
the fact that the cross-section of the swirl feature increases with height, 
which is a fundamental property of expanding magnetic structures”’, 

The solar surface is characterized by horizontally divergent flow 
fields in the bright granular plasma updrafts, which converge into 
the dark network of intergranular lanes. There the cooled plasma sinks 
down again into the solar interior. In particular, at the vertices of the 
lanes the conservation of angular momentum of an initially weak, net 
angular motion of the inflowing plasma results in the formation of 
vortex flows. This ‘bathtub effect’* is observed in a wide variety of 
hydrodynamical systems, for example in tornadoes in Earth’s atmo- 
sphere’*. The predicted vortex flows are commonly observed in the 
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strong emission in the swirl ring fragments in all SDO/ATA channels. Swirl 11 is 
the largest in terms of spatial area, and the swirl arc (outlined with white 
contours in the Ca II map) contains hot components in all SDO channels. The 
hottest (21.1-nm) signal is sourced to the leading edge of the front of the swirl 
arc. Swirl 10 reveals a distinct ring formation in the 30.4-nm SDO channel and 
weaker signal in the other SDO maps. We detect a propagating signal in the ring 
formed in the 30.4-nm SDO channel, which occurs in unison with the swirl arc 
in the Ca map. Likewise, with swirl 7 we observe the swirl structure in the ring 
in all four SDO channels. Swirl 1 is shown in more detail in Fig. 1. See 
Supplementary Table 1. 


©2012 Macmillan Publishers Limited. All rights reserved 


solar photosphere on various spatial scales ranging from over several 
thousand kilometres* down to 1,000 km and smaller*’®. Photospheric 
vortex flows have also been found in high-resolution numerical simu- 
lations of the solar atmosphere’*”®, including those presented here. 
Despite the apparent similarities between previously observed photo- 
spheric vortex flows*” and chromospheric swirls, the formation of 
chromospheric swirls is most likely related to the convective motions 
on even smaller spatial scales. 

We validate this hypothesis with a detailed analysis of simulations 
carried out with the three-dimensional, radiative magnetohydro- 
dynamics codes CO°BOLD?! (Fig. 3) and BIFROST” (Supplemen- 
tary Fig. 1). The generated granular flows reorganize the magnetic 
field, which is essentially advected passively under the conditions of 
the low photosphere in quiet Sun regions. The result of this reorgan- 
ization is a complex magnetic field topology where footpoints are 
concentrated in the intergranular downflow lanes in the form of knots 
and sheets (Fig. 3a, e). This process generates high magnetic field 
strengths, in excess of 0.1 T, in the lane vertices where the vortex flows 
are found. It has been observed directly that such small-scale magnetic 
concentrations are continuously dragged by vortex motions”. 
Consequently, the bathtub effect causes the footpoints of magnetic 
field structures to rotate. 

The magnetic field itself effectively couples the different layers of the 
solar atmosphere and transfers the rotation of the footpoints into the 
upper layers (Fig. 1d). Whereas the magnetic footpoints are forced to 
follow the photospheric flow field, the situation is reversed in the layers 
above. There the magnetic pressure dominates over the gas pressure, 
such that the plasma motion is forced to follow the magnetic field. This 
process, which is probably also responsible for the ‘solar cyclones’ 
observed on larger spatial scales”, is characteristic in our numerical 
simulations. A close-up of an exemplary region with a chromospheric 
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Figure 3 | Numerical model of a swirl event produced with CO°BOLD. 
a-e, The displayed close-up region (a) is part of the evolved model, which has 
an overall horizontal size of 8,000 km X 8,000 km and extends vertically from 
2,400 km below the surface to the top of the chromosphere at an altitude of 
2,000 km. The initial magnetic field was vertical and homogeneous, with a field 
strength of 5 mT. Periodic lateral boundary conditions and an open lower 
boundary condition were used, whereas the top boundary has transmitting 
hydrodynamic and radiative boundary conditions. The three-dimensional 
geometry of the region around the swirl is visualized with VAPOR” from the 
side (a) and from the top (b). Next to the (photospheric) surface at z= 0 km 
(grey plane with granulation pattern and overlaid magnetic field strength), the 
magnetic field lines are plotted as red lines. The plasma flows along and 
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swirl is shown in Fig. 3. The magnetic field lines (Fig. 3a, b, red lines) 
are concentrated in the photospheric footpoints (Fig. 3e) and expand 
in the atmosphere above, where the field stays largely vertically aligned. 

Driven by the overshoot of granular flows into the photosphere and 
by the omnipresent 5-min oscillations at the solar surface, gas moves 
up and down throughout the photosphere and the chromosphere. At 
the location of a swirl, the matter following the rotating field lines is 
effectively forced into spiral trajectories (Fig. 3a, b, blue-green lines) as 
the field expands with height. This small-scale, tornado-like vortex 
structure is easily detected as a ring of increased horizontal velocity 
at chromospheric heights (Fig. 3c) and also as confined regions of 
enhanced vorticity (Fig. 3d). The diameter of the rotating flux structure 
increases with height in the atmosphere, owing to the decrease in the 
gas pressure that balances the magnetic pressure in the structure. The 
structure is thus much narrower in the photosphere than in the less 
dense chromosphere and rotates approximately as a rigid body 
(Fig. 3f). 

The simulations provide a realistic description of the solar atmo- 
sphere, which is validated by a detailed comparison of corresponding 
synthetic intensity maps with the observations (Supplementary Fig. 2). 
The excellent agreement regarding the pattern in the line core maps 
and also the Doppler shifts confirms that chromospheric swirls are 
indeed the observational tracers of rotating magnetic flux structures. 
The analysed CO°BOLD model contains 11 additional smaller examples. 
A similar swirl signature is found in numerical simulations with 
BIFROST (Supplementary Fig. 1). 

The fast rotation of the magnetic flux structures generates a centrifugal 
force that moves the contained plasma outwards along the slanted 
magnetic field lines (Fig. 3a, b). The rotation axis of the swirl, and with 
it the whole structure, is tilted and twisted and changes with height and 
time. The axis of the example shown in Fig. 3 is inclined with respect to 
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co-rotates with the magnetic field, resulting in spiral trajectories (blue-green 
streamlines following the velocity field). The swirl is clearly seen in the 
horizontal velocity (c) and the vorticity (d) in horizontal cross-sections at a 
height of z = 1,000 km (middle chromosphere). The arrows map the horizontal 
flow field. The bathtub effect is clearly visible in the close-up (e) of the magnetic 
footpoint in the intergranular lane (z = 0 km). The resulting rotation is 
mediated to the chromosphere above by the magnetic field, which effectively 
couples the atmospheric layers. It produces a rotating funnel in the 
chromosphere. The corresponding radial velocity profiles (f) show that the 
structures undergo quasi-rigid-body rotation within a cut-off radius, which 
increases with height. See Supplementary Movie 3. 
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the vertical by an angle mostly between 10° and 20°. Gas parcels can 
thus be effectively accelerated upwards in the inclined flux structure, 
against gravity. The observations indeed show the greatest upward 
velocity to be in the outer, ring-like regions of swirls, where the 
centrifugal forces are strongest (Supplementary Fig. 2d, h). 

Furthermore, torsional Alfvén waves**”’ that are generated by the 
vortex flow in the photosphere and chromosphere propagate upwards 
and direct part of the associated Poynting flux vertically**. The ana- 
lysed swirl has a net Poynting flux component parallel to the swirl axis 
that amounts to 1.4 < 10*Wm * measured over the effective swirl 
area at the top of the model (Supplementary Fig. 3). We estimate a net 
positive Poynting flux of 440 W m ~* averaged over the computational 
box (Supplementary Notes). This energy flux is delivered at the 
transition region and, thus, at the boundary to the low corona, where 
it could be transformed into a substantial heating contribution and 
emission of radiation, accounting for the signals that we observed with 
SDO/AIA (Figs 1d and 2c). There the related Alfvén waves generate 
current sheets when interacting with pre-existing magnetic fields, or 
potentially cascade to the high-frequency waves” needed to drive the 
fast solar wind from coronal holes. The discovery of this process 
demonstrates that the energy that reaches the transition region is 
generated by vortex driving of the magnetic footpoints on small spatial 
scales at the top of the convection zone, and is then channelled into the 
outer solar atmosphere by magnetic fields. 
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The limits of the nuclear landscape 


Jochen Erler'?, Noah Birge’, Markus Kortelainen’**, Witold Nazarewicz'?*, Erik Olsen”, Alexander M. Perhac! & Mario Stoitsov*t 


In 2011, 100 new nuclides were discovered’. They joined the 
approximately 3,000 stable and radioactive nuclides that either 
occur naturally on Earth or are synthesized in the laboratory”. 
Every atomic nucleus, characterized by a specific number of 
protons and neutrons, occupies a spot on the chart of nuclides, 
which is bounded by “drip lines’ indicating the values of neutron 
and proton number at which nuclear binding ends. The place- 
ment of the neutron drip line for the heavier elements is based 
on theoretical predictions using extreme extrapolations, and so is 
uncertain. However, it is not known how uncertain it is or how 
many protons and neutrons can be bound in a nucleus. Here we 
estimate these limits of the nuclear ‘landscape’ and provide 
statistical and systematic uncertainties for our predictions. We 
use nuclear density functional theory, several Skyrme interactions 
and high-performance computing, and find that the number of 
bound nuclides with between 2 and 120 protons is around 7,000. 
We find that extrapolations for drip-line positions and selected 
nuclear properties, including neutron separation energies relevant 
to astrophysical processes, are very consistent between the models 
used. 

Only 288 of the several thousand nuclides, or isotopes, known to 
inhabit the nuclear landscape are either stable or practically stable (that 
is, have half-lives longer than the expected life of the Solar System). 
These 288 nuclides form the ‘valley of stability’ (Fig. 1). By moving 
away from this valley, by adding nucleons, we enter the vast territory of 
short-lived radioactive nuclei, which disintegrate by emitting B- and 
a-particles or split into smaller parts through spontaneous fission. 
Nuclear existence ends at the drip lines, where there is no longer enough 
binding energy to prevent the last nucleons from escaping the nucleus. 
As indicated in Fig. 1, the proton-rich border of the nuclear territory 
has been experimentally delineated up to protactinium’ (proton 
number, Z= 91). The neutron-rich boundary is known only up to 
oxygen (Z = 8) because of the long distance separating the valley of 
stability from the neutron drip line’. The superheavy nucleus with 
Z = 118 and A = 294 (ref. 4) marks the current limit of nuclear charge 
and mass. The borders of the superheavy region are unknown and 
difficult to predict because competition between Coulomb and shell 
effects can cause voids and exotic topologies to form (compare with 
section 4 of ref. 5). 

Today, about 3,000 nuclides are known”? (see also http://www. 
nscl.msu.edu/~thoennes/2009/discovery.htm). Experimental explora- 
tion of very neutron-rich nuclei is extremely challenging because of the 
very low production rates in studies involving the fragmentation of 
stable nuclei, and the separation and identification of the products. It 
is anticipated that the next generation of radioactive ion-beam facilities 
will have high-power beams and highly efficient and selective fragment 
separators with which to delineate most of the neutron drip line up to 
mass number A ~ 100 (ref. 6). 

The primary factor that determines the particle stability—and drip 
line—of a nuclide is its separation energy’: the amount of energy 
needed to remove from it a single neutron (S;,,) or proton (S;p) or 
two neutrons (S,) or protons (S2,). In terms of the binding energy, 


B(Z, N), where N denotes the neutron number, the one-neutron and 
two-neutron separation energies are S,,,(Z, N) = B(Z, N — 1) — B(Z, N) 
and S,,(Z,N) = B(Z,N — 2) — B(Z,N), respectively; analogous rela- 
tionships apply to protons. If the separation energy is positive, the 
nucleus is stable to nucleon emission; conversely, if the separation 
energy is negative, the nucleus is unstable. The drip line is reached when 
Sin © 0 (one-neutron drip line) or S;, ~ 0 (two-neutron drip line). The 
drip-line position is strongly affected by nucleonic superfluidity’, 
which makes nuclei with even numbers of nucleons more bound than 
their odd-nucleon-number neighbours. In terms of the chemical 
potential, 2,, and odd-even energy difference (or pairing gap), 4, 
the separation energies can be written*® as S,,,~ —2, — 4, (for odd 
N) and S5,~ —22, (for even N). Although the negative chemical 
potential guarantees that an even-N system is bound, this is not true 
if N is odd: S|, >0 only if 1, << —A,. The helium isotopes provide 
evidence for the impact of pairing on nuclear existence: the even-even 
isotopes “He, °He and °He are bound whereas *He, 7He and ?He are 
not. Consequently, the one-nucleon drip line is reached earlier than the 
two-nucleon drip line, and the region of nuclear existence has a ragged 
border that zigzags between odd- and even-particle species. Because 
the aim of this study is to estimate the maximum extent of nuclear 
binding, we focus on even-even nuclei and two-neutron separation 
energies. 

The quest for the limits of nuclear binding is closely connected to the 
question about the origin of elements in the universe. The astrophysical 
rapid proton capture and rapid neutron capture processes, which are 
responsible for the generation of many heavy elements, operate very 
close to the drip lines’; hence, the structure of very exotic, weakly 
bound nuclei directly impacts the way the elements are produced in 
stars. 

From the theoretical point of view, the description of weakly 
bound superfluid complex nuclei is a demanding task as it requires 
the understanding and control of three crucial aspects of the nuclear 
many-body problem: interaction, pairing and coupling to the low- 
lying particle continuum’*”’. For such a task, the microscopic tool of 
choice is the nuclear density functional theory (DFT) based on the self- 
consistent mean-field approach’*. The main ingredient of the nuclear 
DFT is the effective interaction between nucleons represented by the 
energy density functional (EDF), which depends on total (neutron- 
plus-proton) and isovector (neutron-minus-proton) densities and 
currents. Because the coupling constants of the nuclear EDF cannot 
yet be computed by ab initio methods, it is customary to use optim- 
ization techniques to adjust them to carefully selected experimental 
data’’"'* (primarily on nuclei near the valley of stability). The resulting 
uncertainties in model parameters can be used to estimate statistical 
errors of calculated quantities, especially when it comes to extrapola- 
tions into unexplored regions (for example towards the neutron drip 
line)'*. However, to estimate systematic model errors, resulting 
from different theoretical assumptions and/or different optimiza- 
tion protocols, it is necessary to compare a variety of models and 
parameterizations. In this way, it is possible to assess the robustness 
of theoretical predictions and estimate theoretical uncertainties. The 
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Figure 1 | Nuclear even-even landscape as of 2012. Map of bound even-even 
nuclei as a function of Z and N. There are 767 even-even isotopes known 
experimentally,”* both stable (black squares) and radioactive (green squares). 
Mean drip lines and their uncertainties (red) were obtained by averaging the 
results of different models. The two-neutron drip line of SV-min (blue) is 


application of modern optimization and statistical methods, together 
with high-performance computing, has revolutionized nuclear DFT 
during recent years. 

In our study, we use quasi-local Skyrme functionals’ in the 
particle-hole channel augmented by the density-dependent, zero- 
range pairing term. The commonly used Skyrme EDFs reproduce total 
binding energies with a root mean square error of the order of 
1-4 MeV (refs 15, 16), and the agreement with the data can be signifi- 
cantly improved by adding phenomenological correction terms’’. The 
Skyrme DFT approach has been successfully tested over the entire 
chart of nuclides on a broad range of phenomena, and it usually per- 
forms quite well when applied to energy differences (such as S,), radii 
and nuclear deformations. Other well-calibrated mass models include 


shown together with the statistical uncertainties at Z = 12, 68 and 120 (blue 
error bars). The S2, = 2 MeV line is also shown (brown) together with its 
systematic uncertainty (orange). The inset shows the irregular behaviour of the 
two-neutron drip line around Z = 100. 


the microscopic-macroscopic finite-range droplet model (FRDM)"*, 
the Brussels-Montreal Skyrme-HFB models based on the Hartree- 
Fock-Bogoliubov (HFB) method’ and Gogny force models'””®. 
Figure 2 illustrates the difficulties with theoretical extrapolations 
towards drip lines. Shown are the S;,, values for the isotopic chain of 
even-even erbium isotopes predicted with different EDF, SLy4”’, SV- 
min’, UNEDFO0'°, UNEDF1”, and with the FRDM'* and HFB-21”” 
models. In the region for which experimental data are available, all 
models agree and well reproduce the data. However, the discrepancy 
between various predictions steadily grows when moving away from 
the region of known nuclei, because the dependence of the effective 
force on the neutron-to-proton asymmetry (neutron excess) is poorly 
determined. In the example considered, the neutron drip line is 
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Figure 2 | Calculated and experimental two-neutron separation energies of 
even-even erbium isotopes. Calculations performed in this work using SLy4, 
SV-min, UNEDFO and UNEDF1 functionals are compared to experiment” and 
FRDM” and HFB-21" models. The differences between model predictions are 
small in the region where data exist (bracketed by vertical arrows) and grow 
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steadily when extrapolating towards the two-neutron drip line (S,, = 0). The 
bars on the SV-min results indicate statistical errors due to uncertainty in the 
coupling constants of the functional. Detailed predictions around S,,, = 0 are 
illustrated in the right inset. The left inset depicts the calculated and 
experimental two-proton separation energies at N = 76. 
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predicted to be between N = 154 (FRDM) and N= 162 (UNEDFO); 
that is, the model-dependent ‘error bar’ is appreciable. This is not the 
case for the proton-rich boundary. The calculated values of S}, at 
N= 76 are shown in the left inset of Fig. 2. Because the proton drip 
line lies relatively close to the valley of stability owing to the repulsive 
electrostatic interaction between protons, and because the proton con- 
tinuum is effectively shifted up in energy as a result of the confining 
effect of the Coulomb barrier, the associated extrapolation error is 
small and all the models we used are in excellent agreement with 
experiment. 

As discussed earlier, in addition to systematic errors, calculated 
observables are also subject to statistical errors due to uncertainties 
in EDF parameters'*"*. Fig. 2 shows how the statistical error in So, 
predicted with the SV-min EDF propagates with N. The gradual 
growth of error bars when approaching the neutron drip line is 
primarily caused by the isovector coupling constants of the functional 
that are not well constrained by the current data'*. The resulting 
statistical error in the position of the neutron drip line can be obtained 
by extrapolating the error band of calculated values towards S,, = 0 
(indicated by dotted lines in the right inset of Fig. 2). In the case of 
SV-min and erbium isotopes, the statistical uncertainty corresponds to 
N= 156-166. 

To assess the current status of theoretical predictions for the limits 
of nuclear binding and provide a benchmark for future improvements, 
we carried out large-scale DFT calculations'’®” of global nuclear 
properties using six Skyrme EDFs (SkM***, SkP”, SLy4”’, SV-min”, 
UNEDFO"* and UNEDF1”) and covering a wide range of even-even 
nuclei of up to 120 protons and 300 neutrons. The summary of our 
survey is presented in Fig. 1. The dashed grey gridlines show the magic 
numbers known around the valley of stability (20, 28, 50, 82 and 126) 
as well as the predicted regions of stability in superheavy nuclei® 
around N = 184 and 258. The mean neutron and proton drip lines and 
associated systematic uncertainties have been obtained by averaging 
the predictions of individual models (given in tabular form in 
Supplementary Information). We also show the two-neutron drip line 
of SV-min together with its statistical error bars at Z = 12, 68, and 120. 
As can be seen, the statistical error generally falls into the band of 
systematic uncertainty. 

As expected, the theoretical error in the position of the neutron 
drip line grows steadily with distance from the valley of stability. Yet 
the overall consistency of model predictions is greater than initially 
anticipated. This is particularly true for N = 50 and N around 60, 126 
and 184, where the error band is small. In particular, the recently 
discovered isotope *°Mg (ref. 26) is predicted to be neutron-bound 
by all our models. Also, the neutron-rich isotopes 269 and 780 are 
consistently calculated to lie inside the neutron drip line. Experimental 
searches have so far provided no evidence’ for the existence of *°O and 
280, and configuration interaction calculations?’ have attributed this 
anomalous behaviour to the repulsive three-body force. If a similar 
effect is observed in heavier nuclei, where DFT calculations are 
believed to be more reliable, this may suggest systematic modifications 
of the isovector-density-dependent interactions of EDF. As illustrated 
in Supplementary Fig. 1, the predictions of the FRDM and HFB-21 
models generally fall within our uncertainty band. 

As seen in Fig. 1, the two-neutron drip line has a complicated zigzag 
pattern in some regions. The inset shows the irregular behaviour of the 
two-neuron drip line predicted by SV-min at around Z= 100. 
Although the primary drip line is located at N = 230, neutron binding 
reappears around N = 242 and then again at N = 256, giving rise to a 
secondary and a tertiary drip line. Such behaviour is due to the pres- 
ence of shell effects at neutron closures that tend to lower binding 
energy along the localized bands of stability’. The phenomenon of 
re-entrant binding is predicted in several areas of the neutron drip line, 
for example at around Z = 60 (N= 132 and 140), 70 (N = 182) and 
100 (N = 258). (For more examples, see Supplementary Information 
and also refs 16-20.) 


LETTER 


The astrophysical rapid neutron capture process (r-process) is 
expected to proceed along a path of constant neutron separation energies, 
fairly close to the neutron drip line’. Fig. 1 shows the S;,, = 2 MeV line, 
together with its uncertainty band, corresponding to the very neutron- 
rich r-process path. (Such theoretical data can be used in future r-process 
simulations to estimate uncertainties of element abundances related to 
theoretical uncertainties of separation energies; on request, we can 
provide uncertainties for other values of S,, and S,,.) Again, the 
DFT predictions seem fairly robust, especially around the neutron 
magic numbers where the separation energies change rapidly. 
Finally, there is a great deal of consistency between models regarding 
the position of the two-proton drip line, with the calculated systematic 
uncertainty usually not exceeding AZ = 2. The nuclides **Cr, ““Ni and 
547 n, which are known’ to be two-proton unstable, are firmly predicted 
as such, as are the -emitters 1°°Pt, 1H and 1°°Po, 

To assess how model dependent DFT extrapolations are when it 
comes to observables other than the separation energy, in Supplemen- 
tary Figs 2-4 we show the mass and isovector quadrupole deformations 
and differences between radii of neutron and proton distributions 
(neutron skins) predicted in our models. Despite the fact that these 
quantities are greatly influenced by shell effects, global patterns pre- 
dicted by various EDFs are fairly similar. 

The intermodel consistency of our results allows us to address the 
question of the number of isotopes inhabiting the nuclear landscape. 
According to our Skyrme DFT mass tables, the numbers of particle- 
bound even-even nuclei with 2 <= Z=120 are 2,333 in the SkM* 
model, 2,042 in SkP, 1,928 in SLy4, 2,116 in SV-min, 2,209 in 
UNEDFO and 2,219 in UNEDF1. Adding the odd-mass and odd- 
odd neighbours, we predict that 6,900 + 500,,. nuclei with Z = 120 
are bound to proton and neutron emission. To put things in perspec- 
tive, the total number of nuclides known experimentally is slightly 
more than 3,000 (refs 1, 2). Although the majority of rare isotopes 
inhabiting the outskirts of the nuclear landscape are unlikely to be 
seen, their properties impact astrophysical processes and, hence, the 
matter around us. The road to understanding those exotic species takes 
us through reliable nuclear simulations with quantified uncertainties, 
and this study represents a step in this direction. In the long term, of 
particular importance is the development of novel nuclear energy 
density functionals that reproduce both bulk nuclear properties and 
spectroscopic data. Work along these lines is in progress'**. 

The experimental range of the nuclear landscape is fluid: new rare 
isotopes are being added to it every year. As experiment advances, 
increasingly more-quantitative models of the atomic nucleus are being 
developed with the aid of high-performance computing. In this context, 
the theoretical range of the chart of nuclides is continually changing, 
and our predictions should be viewed as specific to 2012. 


METHODS SUMMARY 


The calculations were carried out within the nuclear DFT framework'*”’. The 
Skyrme functionals SkM***, SkP”’, SLy4”, SV-min'*, UNEDFO0’* and UNEDF1** 
were used in the particle-hole channel, and a density-dependent pairing force of 
the mixed type** was used in the pairing channel. The self-consistent HFB equa- 
tions of the nuclear DFT were solved with the code HFBTHO” as further optimized 
in refs 15, 22. The code solves the nonlinear HFB equations in configuration space 
by expanding self-consistent eigenstates in a large basis of the deformed harmonic 
oscillator. The axial symmetry and parity of nuclear mean fields are imposed to 
reduce the dimension and complexity of the problem. (The effect of triaxial and 
reflection-asymmetric ground-state deformations on particle drip lines is expected 
to be minor*’.) The single-particle basis consisted of the harmonic oscillator states 
originating in the 20 major oscillator shells (see Supplementary Fig. 5 and 
Supplementary Information for more discussion). To restore approximately the 
particle number symmetry broken in HEB, we used the variant of the Lipkin- 
Nogami scheme in ref. 16. The large-scale mass tables were computed using the 
JAGUAR and KRAKEN Cray XT5 supercomputers housed at Oak Ridge National 
Laboratory. 

The Skyrme energy functional with a pairing term is parameterized by up to 14 
coupling constants. To assess better the systematic error, we used functionals 
having distinct characteristics. SkM* was developed with a focus on surface energy 
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and fission barriers; SkP aimed at a simultaneous description of the mean field and 
pairing; SLy4 was optimized with a bias on neutron-rich nuclei and properties of 
neutron matter; SV-min was adjusted to a variety of data on spherical nuclei, 
including diffraction radii and surface thickness; UNEDFO was developed by 
considering data on spherical and deformed nuclei; and the data set of 
UNEDF1 also considered excitation energies of fission isomers. 
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Fractal morphology, imaging and mass spectrometry 
of single aerosol particles in flight 


N.D.Loh!, C. Y. Hampton’, A.V. Martin’, D. Starodub’, R. G. Sierra’, A. Barty’, A. Aquila”, J. Schulz, L. Lomb‘, J. Steinbrener*, 
R. L. Shoeman’, S. Kassemeyer*, C. Bostedt®, J. Bozek®, S. W. Epp®”’, B. Erk®’, R. Hartmann’, D. Rolles*®, A. Rudenko®’, 


. Hartmann®, H. Soltau®, S. Marchesini'®, S. Bajt'’, M. Barthelmess!?, P. Bucksbaum!, K. O. Hodgson!, L. Striider?!°, J. Ullrich®’, 
F 


M. Frank”, I. Schlichting*®, H. N. Chapman*"® & M. J. Bogan! 


The morphology of micrometre-size particulate matter is of critical 
importance in fields ranging from toxicology’ to climate science’, yet 
these properties are surprisingly difficult to measure in the particles’ 
native environment. Electron microscopy requires collection of 
particles on a substrate’; visible light scattering provides insufficient 
resolution’; and X-ray synchrotron studies have been limited to 
ensembles of particles’. Here we demonstrate an in situ method 
for imaging individual sub-micrometre particles to nanometre 
resolution in their native environment, using intense, coherent 
X-ray pulses from the Linac Coherent Light Source® free-electron 
laser. We introduced individual aerosol particles into the pulsed 
X-ray beam, which is sufficiently intense that diffraction from 
individual particles can be measured for morphological analysis. 
At the same time, ion fragments ejected from the beam were analysed 
using mass spectrometry, to determine the composition of single 
aerosol particles. Our results show the extent of internal dilation 
symmetry of individual soot particles subject to non-equilibrium 
aggregation, and the surprisingly large variability in their fractal 
dimensions. More broadly, our methods can be extended to resolve 
both static and dynamic morphology of general ensembles of 
disordered particles. Such general morphology has implications in 
topics such as solvent accessibilities in proteins’, vibrational energy 
transfer by the hydrodynamic interaction of amino acids’, and large- 
scale production of nanoscale structures by flame synthesis’. 

Complex airborne particulate matter, with particle mobility diameters 
less than 2.5 um, efficiently enters the human lungs, and also constitutes 
the second most important contribution to current global warming”®. 
Among such particulate matter, the morphology and composition of 
carbonaceous soot has been extensively studied”: the fractal morphology 
and coagulation of soot in atmospheric water or ice particles modifies 
their radiative properties in the atmosphere*’*, which in turn affects 
atmospheric energy balance’’, and hence climate’’. 

The fractal properties of soot have been estimated from two- 
dimensional projections obtained from electron microscopy’, often 
requiring prior information such as the amount of overlap between 
monomer units, or whether the expected fractal dimension is less than 
or greater than two*. More recently, morphology has also been 
extracted from structure factors estimated from transmission electron 
micrographs’’. Electron microscopy, however, requires that particles 


first adhere to substrates, which may alter the conformation of larger 
particles and encourage agglomeration absent in the aerosol phase. 
Substrate-bound measurements may also lead to systematic biases in 
the projections from electron micrographs, especially for asymmetric 
particles that may roll around to maximize substrate contact’. 

Light scattering experiments, by contrast, can probe the in situ 
morphology of particles in flight. Scattering experiments performed with 
optical lasers on randomly oriented soot particles in flight’* have revealed 
low-resolution morphology for single micrometre-size particles*. 
However, interpreting the optical scattering from such particles is 
complicated because the Born scattering approximation does not strictly 
apply"’. Moreover, optical measurements are particularly restrictive for 
fractal morphology of micrometre-size soot, as these measurements are 
limited to scaling exponents occupying only about a decade of length 
scales. High-resolution, in situ fractal morphology has been performed 
on soot aggregates using X-rays from synchrotrons’, but these light 
sources do not supply sufficient incident intensity to measure the 
morphology of single aggregates. 

X-ray free-electron lasers (XFELs) provide sufficient photons, in a 
single pulse lasting less than 100 fs, to measure X-ray diffraction at high 
resolution from individual soot particles in flight. Our experiment was 
carried out at the CFEL-ASG Multi-Purpose (CAMP) instrument” at 
the Atomic, Molecular and Optical Science beam line”? of the Linac 
Coherent Light Source (LCLS), with a setup (Fig. 1) similar to that used 
in previous work*’”. Individual X-ray pulses of less than 150 fs, contain- 
ing ~10" photons of 1.0 nm wavelength, were focused to 10 um?, and 
intercepted a jet of aerosolized particulate matter at the machine repe- 
tition rate of 60 Hz. Single-particle diffraction patterns were captured on 
X-ray detectors'* to a maximum full-period resolution of 13 nm at the 
corner of the detector (see Supplementary Information for details). 

Diffraction imaging can be used to produce images of isolated 
nanoparticle morphology’. Figure 2a—d shows reconstructions of 
airborne microclusters of polystyrene spheres, revealing connectivity 
between individual monomers (monomer radii between 44 and 75 nm). 
Sphere monomers exhibit tenuous connectivity in certain microclusters 
(Fig. 2c, d), whereas clusters of ellipsoidal nanoparticles (Fig. 2e, f) tend 
to stack more efficiently. This trend has been observed in previous 
studies**~ and is related to monomer—monomer contact area, adhesion 
strength, and hence packing efficiency. The open structures in our 
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X-ray detector 


Single-particle 
diffraction imaging 


Figure 1 | Schematic of concurrent imaging, morphology and spectroscopy 
of single soot particles in flight. Coherent XFEL pulses (orange) were made to 
intersect a particle stream, producing a diffraction pattern and ion fragments 
whenever a pulse and a particle coincided. Diffraction patterns were measured 


sphere clusters differ considerably from the close packing in aerosol- 
assisted colloidal microclusters”®, indicating the presence of non- 
equilibrium processes in our system. 

Reconstructed electron density maps of structurally complex 
particles such as soot and soot-salt mixtures show more complex 
morphology (Fig. 2g, h). For these larger, random particles the rela- 
tionship between their growth and their morphology is more easily 
established from the statistics of spatial correlations within each 
particle, which in turn can be obtained directly from its diffraction 


Single-particle 
morphology 


Aerodynamic lens 
particle inlet 


Single-particle 
mass spectrometry 


Incoming 
XFEL pulses \ 


on a pnCCD (p-n-junction charge-coupled device) X-ray detector, and ion 
fragments were captured by a time-of-flight mass spectrometer (TOF-MS), 
both of which operated at the pulse repetition rate of 60 Hz. 


intensities. The diffraction patterns in Fig. 2 contain substantial signal 
to the edge of the detector, indicating the potential to resolve spatial 
correlations down to tens of nanometres for particles larger than those 
in Fig. 2, as larger particles scatter more photons under similar 
illumination conditions. Soot belongs to a class of disordered particles 
called mass fractals, which show dilation symmetry over a considerable 
range of length scales. This symmetry is revealed through power 
laws of their scattering intensity, S(q) « q ?, where q is the spatial 
frequency and D is the particle’s fractal dimension’’”’. To minimize 


Figure 2 | Diffraction patterns of self-assemblies of particles in flight, and 
reconstructions of their electron densities. a—d, Polystyrene spheres with 
radii of 70 nm (a, b) and 44nm (c,d). e, f, Ellipsoidal nanoparticles. g, A spark- 
generated soot particle. h, A salt-soot mixture. Electron density maps were 
averaged from ten independent, randomly initialized phase-retrieval 


514 | NATURE | VOL 486 | 28 JUNE 2012 


reconstructions. Red scale bars in the insets also correspond to the full-period 
resolutions of the respective reconstructions (white circles in the diffraction 
patterns). The wavelength of incident radiation was 1.0 nm. Resolution 
computation is discussed in the Methods Summary. 


©2012 Macmillan Publishers Limited. All rights reserved 


finite-size and monomer shape effects, this power-law scaling is most 
evident for spatial frequencies Ry "<q<a ',where R, is the particle’s 
radius of gyration and a the average monomer radius (see Sup- 
plementary Fig. 3). Dilation symmetry in mass fractals indicates a 
scale-invariance in their aggregation kinetics, which is also observed 
in computer simulations of aggregation models for single particles in 
the aerosol phase**. 

Fractal morphology measures a particle’s elastic scattering intensity 
S(q), which is obtained from an angular average of its three- 
dimensional diffraction intensities. However, we collected only two- 
dimensional diffraction patterns, and hence were restricted to the 
angular average of a particle’s two-dimensional scattering intensities, 
sampled on the surface of the Ewald sphere, I(q). Nevertheless, even in 
the presence of modestly anisotropic external fields it is unlikely for 
numerous tumbling, aggregating sub-clusters to experience simulta- 
neously a constant anisotropy in their body-fixed coordinate system 
throughout the entire aggregation process. Under this assumption, the 
ensemble of polydisperse sub-clusters attached to each aggregate 
should appear rotationally symmetric, and the Ewald sphere sample 
I(q) should approach S(q) for spatial frequencies q equal to the inverse 
length of these sub-clusters. This applies only to sufficiently small sub- 
clusters within sufficiently large aggregates. 

The single-particle diffraction intensities I(q) of the seventeen largest 
airborne soot aggregates showed a distinct non-integer power-law decay 
between 170 and 20 nm (Fig. 3), consistent with expectations of mass 
fractals. Although measurements on soot particles are frequently com- 
pared to diffusion-limited cluster—cluster aggregated mass fractals’’, we 
measured an average fractal dimension of 2.3 + 0.3, closer to that of 
mass fractals that show internal restructuring”*. Such high fractal dimen- 
sions were also previously observed in transmission electron micro- 
graphs of large soot particles prepared in the cluster-dense regime”*. 
Our data established that such dense fractal aggregates also exist in 
the aerosol phase, free from substrate-initiated agglomeration. There 
was also considerable variability in our soot’s measured fractal dimen- 
sions. While this variation could arise from sampling view-dependent 
diffraction measurements, the relatively small modulations in I(q) 
suggest ample view-averaging at the scale of sub-clusters in the range 
170-20 nm within each soot particle. Hence, this sizable variation in 
fractal dimension may reflect a genuine fluctuation in our manufactured 
soot, or in the manner in which it was delivered into the XFEL inter- 
action region, or both. The Fig. 3 inset plots our measured fractal mor- 
phology against our soot size estimates, demonstrating the possibility of 
ascertaining such a relationship with our methods. Such a relationship 
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can be used to detect changes in the growth of these particles over a 
considerable range of length scales. 

Focused X-ray pulses from XFELs typically destroy the particle being 
imaged, giving rise to energetic ejected ions that can be analysed using 
time-of-flight mass spectrometry (TOF-MS) to determine the particle’s 
elemental composition (details in Supplementary Information). We 
correlated simultaneous TOF-MS and X-ray diffraction data from 
208 aggregates, as shown in Fig. 4a. The presence of salt and carbona- 
ceous soot in the TOF-MS data corresponds well with the scattering 
features simultaneously captured in the complementary diffraction 
patterns (Fig. 4b-e). Despite each particle’s absorption of large doses 
of ionizing radiation, signal intensity corresponding to the mass-to- 
charge ratio (m/z) of large [Na(NaCl)]* and [Na(NaCl)2]* molecular 
fragments were observed in the TOF-MS spectra in Fig. 4a. The pres- 
ence of large ions may be due to particles illuminated in the periphery 
of the X-ray focus, leading to incomplete ionization. 

Fractals are suitable candidates for damage studies using XFELs, 
which can help in optimizing X-ray pulse parameters for diffraction 
imaging of single biomolecules. Morphology measurements on mass 
fractals with a small variance in fractal dimension can potentially 
resolve the extent of damage inflicted by diffraction imaging with 
XFELs; one expects dilation symmetry in mass fractals preserved down 
to length scales unaffected by radiation damage. When combined with 
mass spectrometry, one could identify changes in features of the spectra 
of ejected ions, such as the width and shape of spectral lines in Fig. 4a, as 
a function of X-ray pulse length and energy. 

The intense, femtosecond X-ray pulses provided by XFELs provide 
sufficient diffraction signal to resolve single aggregates from the 
ensemble in situ, opening the door to new means of morphological 
study of aerosol dynamics in their native environment. We observed 
considerable variation in the fractal dimension of individual soot 
aggregates, as well as the extent of dilation symmetry. Combination of 
morphology with mass spectrometry further enriches our measurement 
of the ensemble, and allows particles of different elemental composition 
to be separated. Significantly, we observe a fractal dimension of 2.3 + 0.3 
for soot aggregates in situ, a value that suggests in-flight restructuring 
beyond diffusion-limited cluster—cluster aggregation. The substantial 
variability in the fractal dimension may indicate non-uniform aggrega- 
tion rates, and/or spatial variations in aggregation conditions and air/ 
carbon ratio. Further studies to resolve these connections will have 
implications for combustion efficiencies and climate modelling, which 
can now include effects due to polydispersities in the ensemble mea- 
sured from in situ single-particle morphology. 


21/429 21/260 21/158 27/96 27/58 27/35 2n/21 q (nm) 
T T “Fal! T T f T T 
8b o 
3.0 ° 
s| 52s 
6 rs : 6 ° 
&S 5+ 62.0 
Sats { 
xe) ref 1.5 lo ° S ° 
3 re a 8 °° 
= 1.0 ° o 8 
a 
14 30.5 Average slope me 
Ww -2.3 + 0.3 W Aue Wet 
OF 0.0 ort i) yt 
-2.75 -2.5 -2.25 -2.0 ~170-20 nm 4 th 
Slope iW 
1 1 1 1 Th 1 
16.5 17.0 17.5 18.0 18.5 19.0 19.5 
log(q) 


Figure 3 | Fractal morphology of micrometre-sized soot aggregates. We 
show the unnormalized I(q) of 17 of our largest spark-generated soot particles. 
The slopes of distinctly linear regions in the log-log plot of I(q) (darkened 


segments) is the negative of each particle’s fractal dimension, showing a range 
of dilation symmetry (170-20 nm) common to these particles. The inset shows 
these slopes, plotted against the respective particle sizes. 
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Figure 4 | Time-of-flight mass spectrometry concurrent with diffraction 
imaging. a, TOF-MS spectra, with labels showing the m/z values most 
compatible with the composition of our samples. Each of the 208 rows 
represents a TOF-MS spectrum collected simultaneously with the diffraction 
pattern from single aggregates. The argon peaks come from the argon carrier 
gas for the soot, and are used to calibrate the spectra. The nitrogen peaks are 


METHODS SUMMARY 


Phase retrieval. We reconstructed two-dimensional projections of the electron- 
density functions of particles in Fig. 2 with the Relaxed Averaged Alternating 
Reflections phase-retrieval algorithm’’ using shrink-wrap support determina- 
tion” and the assumption that the density function was real-valued. (Born 
approximation holds; constant ratio of imaginary to real part of sample’s index 
of refraction.) We used the phase retrieval transfer function” (PRTF), as averaged 
over ten independent reconstruction attempts on the same particle, to estimate the 
maximum resolution for which substantial consistency is exhibited between dif- 
ferent reconstructions. The full-period resolution in these reconstructions was 
determined from the point at which each particle’s PRTF falls below 0.5. 
Soot aggregates. In approximately 70 min, we collected 174 diffraction patterns of 
spark-generated single soot particles at low carrier-gas flow rates, to suppress the 
coincidence of multiple soot particles in the X-ray interaction region. None of 
these 174 patterns was expected to contain multiple soot particles, assuming that 
particles arrive randomly and uniformly at the XFEL pulse interaction region 
(empirically verified in our experiment). 

To estimate the size of the soot particles, we multiplied their respective diffrac- 
tion patterns by band-pass filters of the form q’exp(—(q—qo)°), where the spatial 
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from nitrogen gas used to nebulize salt from solution. b-e, Four typical spectra 
corresponding to rows marked with arrows in a, showing various admixtures of 
soot and salt in an aggregate. Their respective diffraction patterns are inset. 
Signatures of salt (diffraction streaks from rounded facets of salt agglomerates; 
also see Fig. 2h) and soot in these patterns match those in the corresponding 
TOF-MS spectra. 


frequency qo was optimized from pattern to pattern to reduce the effects of missing 
data and high-frequency measurement noise, and to isolate each particle’s high- 
frequency features. The Fourier transforms of the results were calculated to obtain 
a visual estimate of each particle’s autocorrelation support from these high- 
frequency features*', which was halved to estimate each particle’s length. 
Among our 174 diffraction patterns, we found 17 particles whose longest diameters 
were at least 1 j1m. As the densities of mass fractals decrease with increasing particle 
size, these large soot particles were still expected to satisfy the Born scattering 
approximation. Our maximum scattering angle was approximately 4.3°, meaning 
that our intensities sampled a mildly curved Ewald sphere section, which was 
accounted for in averaging of I(q). 
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Activation of remote meta-C-H bonds assisted by an 


end-on template 


Dasheng Leow!*, Gang Li'*, Tian-Sheng Mei’ & Jin-Quan Yu' 


Functionalization of unactivated carbon-hydrogen (C-H) single 
bonds is an efficient strategy for rapid generation of complex 
molecules from simpler ones. However, it is difficult to achieve 
selectivity when multiple inequivalent C-H bonds are present in 
the target molecule. The usual approach is to use o-chelating 
directing groups, which lead to ortho-selectivity through the 
formation of a conformationally rigid six- or seven-membered 
cyclic pre-transition state’'*. Despite the broad utility of this 
approach, proximity-driven reactivity prevents the activation of 
remote C-H bonds. Here we report a class of easily removable 
nitrile-containing templates that direct the activation of distal 
meta-C-H bonds (more than ten bonds away) of a tethered arene. 
We attribute this new mode of C-H activation to a weak ‘end-on’ 
interaction’ between the linear nitrile group and the metal 
centre. The ‘end-on’ coordination geometry relieves the strain of 
the cyclophane-like pre-transition state of the meta-C-H activa- 
tion event. In addition, this template overrides the intrinsic 
electronic and steric biases as well as ortho-directing effects with 
two broadly useful classes of arene substrates (toluene derivatives 
and hydrocinnamic acids). 

The development of new transformations in which inert C-H 
bonds react as dormant functional groups holds great promise for 
expediting organic synthesis by providing unprecedented retrosynthetic 
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disconnections. In this endeavour, controlling the positional selectivity 
of C-H cleavage in molecules that contain multiple C-H bonds is 
an outstanding challenge that must be addressed before widespread 
synthetic applications. Currently, o-chelation-directed metalation of 
C-H bonds has been used as a powerful means of achieving ortho- 
selectivity’®. Diverse carbon-carbon and carbon-heteroatom bond- 
forming reactions with broadly useful substrates have recently been 
developed using Pd(II)’°, Rh(IID)'®, and Ru(II)™ catalysts. In 
directed C-H activation, assembly of a conformationally rigid cyclic 
pre-transition state is required (I in Fig. la), which introduces two 
inherent limitations. First, despite extensive and innovative efforts 
towards remote C-H functionalization reactions'*'’, the difficulties 
associated with forming a macrocyclic pre-transition state larger than 
a seven-membered ring generally preclude the activation of remote 
C-H bonds. Second, the high energy associated with well-defined 
cyclophane-like pre-transition states prevents meta- or para-selective 
C-H activation reactions (II in Fig. 1a). Although significant progress 
has been made in the development of meta- and para-selective C-H 
functionalization reactions'””’, the positional selectivity is largely 
governed by steric (1,3-substituted arenes)’°”®, or electronically biased 
(mono-substituted arenes)””* properties of the arene substrates. A 
generally applicable approach for remote meta-C-H activation that 
controls positional selectivity by overriding the intrinsic electronic 
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Figure 1 | A template strategy for the activation of distal meta-C-H bonds 
(more than ten bonds away). a, Remote meta-C-H activation is a challenge. I: 
ortho-directed C-H activation. DG, directing group. II, III and IV: Remote 

meta-C-H activation using an ‘end-on’ template. The dotted blue lines divide 
the arene template into four quadrants. The blue bonds in all figures highlight 


the targeted C-H bonds. b, Templates for toluenes and hydrocinnamic acids. 
c, Unprecedented positional selectivity in C-H activation, overriding electronic 
and steric biases, and ortho-directing effects.. d, Structurally related drug 
molecules (brand names in parentheses). 
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and steric properties of arene substrates, especially mono-substituted 
arenes, has remained a challenge. 

Here we report the discovery of a class of nitrile-containing tem- 
plates that deliver palladium to the vicinity of tethered arene substrates 
to promote C-H olefination of distal meta-C-H bonds with excellent 
selectivity (Fig. 1). This linear ‘end-on’ coordinating nitrile group’ is 
proposed to accommodate a macrocyclic cyclophane-like pre-transition 
state, thus overcoming the inherent limitations of traditional directed 
C-H activation. We demonstrate the generality of this template 
approach with two categorically different classes of substrates (toluene 
and hydrocinnamic acid derivatives 1 and 2) (Fig. 1b). Remarkably, the 
template overrides the intrinsic electronic and steric biases as well as 
ortho-directing effects of the arene substrates, consistently securing high 
meta-selectivity in most cases (Fig. 1c). This meta-selective C-H olefina- 
tion reaction is also compatible with ortho,ortho-disubstituted arene 
and 2-biphenylcarboxylic acid substrates. Both hydrocinnamic and 
2-biphenylcarboxylic acids are key structural motifs in many drug 
molecules, including the GABAg receptor agonist drug Baclofen 
(Fig. 1d). 

Considering that the major limitations of directed C-H activation 
arise from the stringent requirement of assembling a rigid cyclic pre- 
transition state, we began to devise a removable chelating template 
that would recruit the Pd(II) catalyst through a less rigid assembly 
involving reversible weak coordination. We suspected that the weakly 
binding end-on nitrile group would either make the cyclophane-like 
pre-transition state less strained or would lead to release of the Pd(II) 
catalyst in the vicinity of the target C-H bond, thereby providing high 
effective concentration (III in Fig. 1a). The latter “catch and release’ 
scenario would obviate the need to assemble a cyclophane-like pre- 
transition state all together. Although weak coordination is not as 
effective as strong coordination in terms of compensating for the 
entropic cost during the assembly of the pre-transition state, the 
nitrile-bound Pd(II) centre is more reactive because it is highly elec- 
trophilic, which is beneficial for C-H activation. We also anticipated 
that the linear coordination mode of the nitrile group would be more 
likely to anchor the palladium to the meta position rather than the 
ortho position. In this putative structure, the interaction with the 
ortho-C-H bond would incur high levels of cyclophane ring strain 
caused by the linear geometry of the nitrile group. Encouragingly, 
Schwarz’s pioneering studies showed that this mode of end-on coor- 
dination of alkyl nitriles with Fe(II) in the gas phase can guide the 
metal to perform remote C-H activation”. 

To put this hypothesis into practice, we engineered a nitrile- 
containing template in which the substrate was attached through a 
removable benzyl ether linkage (IV in Fig. la). At the outset, we 
hypothesized that the flat arene would help to keep the substrate 
moiety and nitrile group as coplanar as possible. Given that the plane 
in which the arene template lies could be spatially divided into four 
distinct quadrants (see IV in Fig. la), we further hypothesized that 
sterically bulky tert-butyl groups at the ortho positions of the arene 
template could serve as blocking groups to ensure that the pendant 
substrate and the nitrile group were kept in the same quadrant to 
achieve high effective concentration of the Pd(II) catalyst. In our first 
design, we used a nitrile-containing phenol as the template, which 
could easily be attached to benzyl bromide to give benzyl ether 3 as 
the model substrate for testing meta-selective C-H activation 
(Table 1). 

Using olefination of 3 as the model reaction**”’, we extensively 
screened catalysts, oxidants and solvents (see Supplementary Informa- 
tion) and found that a combination of Pd(OPiv), as the catalyst and 
AgOPiv as the oxidant gave a 15% yield with encouraging levels of 
meta-selectivity (m:p:0 = 59:33:8) (Table 1, entries 1-3). To improve 
the reactivity further via the Thorpe—Ingold effect, we installed two 
alkyl groups at the «-position adjacent to the nitrile group. Both the 
yield and the meta-selectivity steadily improved with increasing size of 
the alkyl groups (entries 4-8). The isobutyl-substituted template gave a 
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Table 1 | Optimization of template 


Ri R! Rt RI 
oO COsEt Pd(OPiv), 
CO R2 + if Z Ag(OPiv) P ie) Re 
i H ge R? Poe e °C y ° H ge R2 
COvEt 
3-10 ila 12-19 
Entry Substrate Rt R? Yield (%) Yield Selectivity 
(mono) (%) (di) (meta:para:ortho) 
1 3 tert-butyl H Trace 0 — 
2 3 tert-butyl H 4 ) 56:26:18 
3 3 tert-butyl H 15 ) 59:33:38 
4 4 tert-butyl Methyl 60 17 S1:7:2 
5 5 tert-butyl Ethyl 52 16 93:6: 
6 6 tert-butyl ~(CH2)4- 50 11 88:7:5 
7 7 tert-butyl —-(CH2)5- 51 15 91:5:4 
8 8a tert-butyl Isobutyl 63 20 95:4: 
9 9 H lIsobutyl = _ = 
10 10 Methyl Isobutyl 39 10 91:8: 


The reaction scheme is shown above the table. Unless otherwise noted, the reaction conditions were as 
follows: benzyl ethers 3-10 (0.05 mmol), olefin 11a (1.5 equiv.), Pd(pivalate)s (10 mol%), Ag-pivalate 
(2.1 equiv.), 1,2-dichloroethane (0.5 ml), 90 °C, 18 h. The isolated yield was obtained by silica gel 
column chromatography. The ratio of meta:para:ortho mono-olefinated products was determined by 1H 
NMR analysis of the unpurified reaction mixture; the variance is estimated to be within 5%. For entry 1, 
Oz was used as the oxidant instead of Ag-pivalate. For entry 2, Pd(OAc)2 and AgOAc were used instead of 
Pd(OPiv)2 and AgOPiv respectively and NMR yield was determined by using o-xylene as an internal 
standard. For entry 9, C-H olefination occurred on both the arene substrate and template with a 
combined yield of approximately 20% yield. 


mixture of mono- and di-olefinated products 17amono and 17aq; in 
83% combined yield (entry 8). The mono- and di-olefinated products 
can be readily separated by chromatography. Importantly, the meta- 
selectivity was found to be 95%. We also confirmed through control 
experiments that the presence of the bulky tert-butyl blocking groups 
on the template was essential for reactivity (entries 9, 10). Replacement 
of the nitrile by a methyl group also resulted in complete loss of 
reactivity and selectivity (see Supplementary Information). 

With this newly established meta-selective C-H olefination procedure 
in hand, we carried out olefination on a variety of substituted arenes 
(Fig. 2). Meta-substituted arenes were olefinated at the remaining meta 
position with excellent selectivity regardless of the electronic properties 
of the substituents (17b-g). With ortho-substituted arene substrates, 
high meta-selectivity was also achieved with both an electron-donating 
methyl group and electron-withdrawing fluoro and bromo groups 
(17h-j). Notably, in the absence of the template, the para- and meta- 
C-H bonds of these 1,2-substituted arene substrates are often difficult 
to distinguish, yet the template directed meta-C-H activation with high 
selectivity. For example, meta-selective olefination places the newly 
installed functional group at the position para to the bromo group, 
which is synthetically enabling owing to the diverse reactivities of the 
bromo group (17j). Despite the steric hindrance, para-substituted 
arenes are also olefinated at the meta-position in excellent selectivity 
(17k-n). In sharp contrast to previously reported meta-selective C-H 
functionalization reactions”’, the template also effectively overrides the 
electronic effect of bromide or ester groups at the para position, afford- 
ing predominantly the meta-olefinated products (17m, 17n). 
Intriguingly, the template can guide the catalyst to reach and activate 
the meta-C-H bond in a selective manner in the presence of 
ortho,ortho-di-fluoro substitution (170). Meta-C-H functionalization 
of ortho,ortho-disubstituted arenes provides a powerful disconnection 
for constructing 1,2,3,4-tetrasubstituted arenes. Finally, meta-C-H 
olefination of naphthalene 8p also proceeded to give 17p in 79% yield. 

We next extensively surveyed the scope of the olefin coupling 
partners. Olefination with commonly used electron-deficient «,p- 
unsaturated esters, ketones and phosphonates gave desired products 
in good yields (17b2-b;). Given that the lack of reactivity with disub- 
stituted olefins in directed C-H olefination reactions is a significant 
drawback”*”’, we tested a series of di- or tri-substituted olefins. We 
were pleased to find that olefination with all of these olefins proceeded 
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Figure 2 | Template-directed meta-selective C-H olefination of toluene 
derivatives. a, Arenes (8a—p) with a variety of substitution patterns undergo 
facile olefination. b, In the box, many election-deficient olefins and various di- 
and tri-substituted olefins were used. The isolated yield of the mono-olefinated 
product (and also the isolated yield of the di-olefinated product when 


stereoselectively” to give the trisubstituted olefins (17b.—b,4) in 
moderate to excellent yields. For example, olefination products 
17b;9 and 17b,,; were formed when diethyl maleate and diethyl 
fumarate were used respectively. Unlike in conventional directed 
ortho-C-H olefination reactions where the coordinated directing 
group could prevent sterically hindered olefins from binding*”, in 
this case the nitrile group on the template is weakly coordinated to the 
[Pd(II)-Ar] intermediate and can be effectively displaced by disubsti- 
tuted olefins, allowing carbopalladation to proceed. Lastly, we found 
that the template could be readily removed through a Pd/C-mediated 
hydrogenolysis to afford meta-alkylated toluenes in excellent yields 
(see Supplementary Information). 

Having demonstrated the concept of using a nitrile-containing 
end-on template to activate meta-C-H bonds that are ten bonds away 
from the chelating atom, we tested whether this approach would be 
generally applicable to other broadly useful substrates, after appropriate 
tuning of the template. Therefore, we used a readily cleavable amide 
linkage to attach a benzonitrile template to hydrocinnamic acid to form 
20a. Using the established olefination protocol from above (Fig. 2), we 
screened various reaction parameters with substrate 20a and observed 
significant solvent effects, presumably owing to the dramatic influence 
of the solvent medium on the assembly of the pre-transition state via 
weak coordination (see Supplementary Information). Olefination of 
20a in hexafluoroisopropanol gave meta-olefinated product 21anono 
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applicable) is shown along with the selectivity. See Supplementary Information 
for experimental details. Selectivity of the mono- and di-olefinated products 
was determined by 'H NMR analysis and confirmed by one-dimensional 
selective NOESY experiments; the variance is estimated to be within 5%. OPiv, 
pivalate. 


in 49% yield along with 11% para- and 2% ortho-olefinated products, 
as determined by 'H nuclear magnetic resonance (NMR) analysis. To 
further improve the reactivity, we turned to mono-N-protected 
amino acid ligands, which were recently found to accelerate C-H 
olefination reactions”. We found through extensive ligand screening 
that N-acetyl-protected glycine was most effective in promoting the 
olefination reaction, allowing for full conversion to be achieved (see 
Supplementary Information). The meta-selectivity of the mono- 
olefinated product 2lamono Was also enhanced from 79% to 95% 
(Fig. 3). Notably, highly meta-selective C-H functionalization of elec- 
tronically unbiased monosubstituted arenes has not been reported so 
far’’*’, Control experiments showed that replacement of the nitrile 
group on the template with a trifluoromethyl group resulted in poor 
reactivity and selectivity giving a m:p:o 1:1:2 mixture of mono- 
olefinated products in 38% yield under the optimized conditions. 
The efficiency of this template was first demonstrated by the excellent 
observed reactivity with the electron-deficient meta-trifluoromethylarene 
20b. To showcase the power of the template in controlling the meta- 
selectivity, meta-methoxy and ortho-trifluoromethyl groups were intro- 
duced onto the aromatic rings (20c and 20d respectively), two func- 
tional groups known to exert strong electronic effects on traditional 
electrophilic aromatic substitution reactions. Remarkably, excellent 
meta-selectivity was maintained in the olefination of both meta- 
methoxyarene 20c and ortho-trifluoromethylarene 20d to give 21c 
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Figure 3 | Template-directed meta-selective C-H olefination of 
hydrocinnamic acid derivatives. a, Four representative hydrocinnamic acids 
(20a-d). b, Challenging substrates and synthetic applications. c, Removal of 
template under mild hydrolysis conditions. S denotes the absolute 
configuration of the chiral centre; e.e., enantiomeric excess. The isolated yield of 
the mono-olefinated product (and also the isolated yield of the di-olefinated 
product when applicable) is shown along with the selectivity. Selectivity of the 
mono- and di-olefinated products was determined by 'H NMR analysis and 
confirmed by one-dimensional selective NOESY experiments; the variance is 
estimated to be within 5%. See Supplementary Information for experimental 
details. HFIP, hexafluoroisopropanol. Room temperature was 24 °C. 


and 21d respectively, suggesting that the template effectively overrides 
the electronic effects of both electron-donating and -withdrawing 
groups. To further demonstrate the potential synthetic applications 
of this method, we first constructed a sterically encumbered tetrasub- 
stituted arene 21e via meta-selective olefination of the ortho,ortho-di- 
methylarene 20e, in which case the steric hindrance was overcome by 
the template. Intriguingly, meta-selective C-H olefination of biphenyl 
substrate (20f) also proceeded at the remote aryl ring to afford syn- 
thetically useful biphenyl 21f with unprecedented site-selectivity. 
Importantly, the unnatural chiral amino acid 21g was also prepared 
via meta-selective olefination of N-phthaloyl-protected phenylalanine 
20g without racemization. Both 2-biphenylcarboxylic acid (20f) and 
phenylalanine (20g) are key structural motifs in drug molecules such as 
Micardis and Velcade. Finally, N-phthaloyl-protected Baclofen (20h) 
was selectively olefinated at the meta-position to give 21h in 82% yield, 
providing access to a novel library of molecules of medicinal interest. 
The reactivity and selectivity patterns observed with 20a-h have not 
been reported in previous studies towards meta-selective C-H activa- 
tion’”*’. To establish scalability, the reaction of 20d was also run at the 
0.5 g (1.2 mmol) scale to give 21d in 77% yield. The removal of the 
template in 21amono Was readily accomplished by hydrolysis at room 
temperature using LiOH asa base to give diacid 22 in 95% yield (Fig. 3). 

In summary, we have developed a template approach to activate 
remote meta-C-H bonds of two categorically distinct classes of sub- 
strates with high meta-selectivity. Template-assisted meta-selective 
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C-H activation overrides ortho-directing effects as well as electronic 
and steric biases on the appended arene substrates. The template 
design is predicated on the weak interaction between Pd(II) and a 
nitrile group, where the nitrile group coordinates in an end-on fashion 
and can overcome the difficulties associated with assembling a cyclo- 
phane-like pre-transition state. This new strategy for directing remote 
C-H activation provides a novel route for the preparation of toluene 
derivatives, hydrocinnamic acids, 2-biphenylcarboxylic acids, unnat- 
ural amino acids, and drug molecules with sophisticated substitution 
patterns that are difficult to access using conventional C-H activation 
methods. We expect that this end-on nitrile-based template can be 
structurally modified to suit other classes of synthetically useful arene 
substrates. 


METHODS SUMMARY 


General procedure for template-directed meta-selective C-H olefination 
of toluene derivatives. A 15-ml sealed tube (with a Teflon cap) equipped 
with a magnetic stir bar was charged with substrate (46.1 mg, 0.10 mmol), 
Pd(OPiv), (3.0 mg, 0.010 mmol, 0.10 equiv.), and AgOPiv (62.7 mg, 0.30 mmol, 
3.0 equiv.). Ethyl acrylate (16.5 ul, 0.15 mmol, 1.5 equiv.) was added, followed by 
1,2-dichloroethane (1.0 ml). The tube was then capped and submerged into a pre- 
heated 90°C oil bath. The reaction was stirred for a total of 42h and cooled to 
room temperature. The crude reaction mixture was filtered through a pad of Celite 
and washed with Et,O (2 ml X 3). The filtrate was concentrated in vacuo, and the 
resulting residue was purified by column or preparative thin layer chromato- 
graphy using hexanes/EtOAc as the eluent. The positional selectivity was deter- 
mined by 'H NMR of the unpurified reaction mixture. Full experimental details 
and characterization of new compounds can be found in the Supplementary 
Information. 
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Three-dimensional limb joint mobility in the early 


tetrapod Ichthyostega 


Stephanie E. Pierce’?, Jennifer A. Clack? & John R. Hutchinson! 


The origin of tetrapods and the transition from swimming to walk- 
ing was a pivotal step in the evolution and diversification of 
terrestrial vertebrates. During this time, modifications of the 
limbs—particularly the specialization of joints and the structures 
that guide their motions—fundamentally changed the ways in 
which early tetrapods could move'*. Nonetheless, little is known 
about the functional consequences of limb anatomy in early 
tetrapods and how that anatomy influenced locomotion capabilities 
at this very critical stage in vertebrate evolution. Here we present a 
three-dimensional reconstruction of the iconic Devonian tetrapod 
Ichthyostega and a quantitative and comparative analysis of limb 
mobility in this early tetrapod. We show that Ichthyostega could not 
have employed typical tetrapod locomotory behaviours, such as 
lateral sequence walking. In particular, it lacked the necessary rotary 
motions in its limbs to push the body off the ground and move the 
limbs in an alternating sequence. Given that long-axis rotation 
was present in the fins of tetrapodomorph fishes” ’, it seems that 
either early tetrapods evolved through an initial stage of restricted 
shoulder*? and hip joint mobility or that Ichthyostega was unique 
in this respect. We conclude that early tetrapods with the skeletal 
morphology and limb mobility of Ichthyostega were unlikely to 
have made some of the recently described Middle Devonian 
trackways’®. 

Early tetrapods, and the fish that gave rise to them, were originally 
interpreted as being terrestrially capable animals with load-bearing 
fins or limbs''’. Since the 1990s, however, new fossil discoveries 
and anatomical interpretations have demonstrated that the first 
limbed vertebrates were primarily aquatic in habit and that limbs 
evolved before the ability to ‘walk’ on land'?. More recently, work 
has suggested that hindlimb-powered locomotion first evolved in 
sarcopterygian fish, well before the origin of digit-bearing limbs or 
terrestriality'*; this model implies that a muscularly supported pelvis 
and sacrum are not compulsory for fin/limb-substrate interactions”. 
Others have even unconventionally proposed that some early tetrapods 
may have been more seal-like in their mode of locomotion**, rather 
than moving in a primitively salamander-like fashion. This apparent 
conflict surrounding the timing of events that gave rise to modern 
tetrapod locomotory styles has left our understanding of the evolution 
of terrestriality uncertain. 

To illuminate the evolution of early tetrapod locomotion, we con- 
ducted a computer-aided assessment of limb joint mobility in one of 
the best known Devonian tetrapods, Ichthyostega. To achieve this goal, 
we used micro-computed tomography (1CT) to scan suitable 
Ichthyostega specimens, created a digitally rendered three-dimensional 
skeletal model (Fig. 1), and quantified maximum range of motion in 
the shoulder, elbow, hip and knee in three orthogonal planes of move- 
ment. To interpret joint mobility in a locomotor context, we compared 
the data of Ichthyostega with those of five morphologically and 
phylogenetically distinct modern tetrapod analogues with varying joint 
morphologies and locomotion behaviours. These include a salamander 
(Ambystoma tigrinum), crocodile (Crocodylus niloticus), platypus 


Figure 1 | Three-dimensional reconstruction of Ichthyostega from »CT 
scan data. a, Anterolateral view. b, Dorsal view. c, Lateral view. d, Ventral view. 
The forelimbs and hindlimbs are shown in their resting pose from which ranges 
of motion were calculated. A list of the specimens used to create the model and 
the procedure followed for model construction can be found in Supplementary 
Information, as can a comparison with the most recent two-dimensional 
reconstruction presented in ref. 4. Scale bar, 10 cm. 
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(Ornithorhynchus anatinus), seal (Halichoerus grypus) and otter 
(Lutra vulgaris). Moreover, we validated our methodology through 
dissection and joint manipulation to determine the effect of soft tissues 
(or lack thereof) on joint mobility (see Supplementary Information). 

Data from the hindlimb demonstrate that the hip joint in 
Ichthyostega has a comparable degree of mobility, in terms of flexion/ 
extension and adduction/abduction, to that of the modern tetrapods. 
However, unlike the modern tetrapods, the hip joint of Ichthyostega has 
a minimal degree of long-axis rotation (pronation/supination) capacity 
(Fig. 2a, but note that the seal, whose hindlimb is modified as a flipper, 
has a reduced range of long-axis rotation in comparison with the other 
modern taxa). When range of mobility is partitioned into positive 
(increasing angle between limb and girdle) and negative (decreasing 
angle between limb and girdle) angular movements (Fig. 3a), the hip 
joint of Ichthyostega shows a relatively equal distribution of mobility, 
with the pattern approaching that seen in the modern tetrapods (see 
Supplementary Table 5); however, there is somewhat more abduction 
capacity. In terms of knee joint movements, Ichthyostega displays the 
most restricted mobility in flexion/extension (see Supplementary 
Table 6), but no discernible differences were recovered for the 
other two planes of movement, presumably because soft tissues rather 
than osteology are primary limits on knee mobility, as in many other 
tetrapods. 

The hip joint in Ichthyostega forms a condyloid-like articulation 
with greatly enlarged dorsal and ventral bony buttresses surrounding 
an anteroventrally-to-posterodorsally elongated acetebulum’’. In 
addition to this, the femoral head is boomerang-shaped with a large 
ventral intertrochanteric fossa enveloping the ventral bony buttress of 
the acetabulum, forming a locking mechanism. This type of hip 
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Figure 2 | Maximum ranges of mobility in the limb joints of Ichthyostega 
and five modern tetrapod analogues. a, Hip joint. b, Shoulder joint. Mobility 
was examined in three orthogonal planes of movement including flexion/ 
extension, adduction/abduction and pronation/supination (or long-axis 
rotation). The most obvious difference between Ichthyostega and the modern 
tetrapods analysed is a distinct lack of long-axis rotation. A validation test of the 
method used to calculate range of mobility can been found in Supplementary 
Information. 
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morphology permits the femur to rock along the primary and secondary 
axes of the acetabulum but prevents any major long-axis rotary move- 
ments. Because the primary axis of the acetabulum (and associated 
femoral head) in Ichthyostega is tilted anteriorly, movement of the 
hindlimb would have occurred at an angle about 45° from the main 
horizontal axis of the body. Consequently, the hindlimb would primarily 
have moved in an anteroventral-to-posterodorsal arc during hip 
extension and an anterodorsal-to-posteroventral arc during hip adduc- 
tion (Fig. 3b, c). 

The limited range of hip long-axis rotation, in combination with 
a joint offset of about 45° from the horizontal, implies that the 
plantar surface of the pes in Ichthyostega was unable to contact the 
substrate. In particular, the femur would have been prevented from 
attaining a horizontal orientation and the pes would not have been 
capable of pointing anteriorly, a limb pose conventionally considered 
plesiomorphic for terrestrial tetrapods'*'® (see Supplementary Figs 5 
and 6). This means that the pelvis could not have been lifted free of the 
ground and that the hindlimbs were more critical during swimming, 
with a more passive or stabilizing function during land/substrate 
movement (analogous to phocid seals’’). This proposed model of 
hindlimb movement in Ichthyostega is in accordance with the develop- 
ment of broad, paddle-shaped, distal limb bones and expanded pedes’. 
It is also further supported by a reduced range of flexion/extension in 
the knee, which is an essential component of terrestrial locomotion in 
living tetrapods'*’. 

With respect to the forelimb, the shoulder joint in Ichthyostega has 
the most restricted range of angular motions in all three planes of 
movement (Fig. 2b), with the most striking characteristic again being 
a distinct lack of long-axis rotation (pronation/supination). 
Partitioning the range of motion into positive and negative angular 
movements further reveals that the shoulder joint in Ichthyostega is 
primarily restricted to negative angular movements, with the majority 
of mobility occurring in flexion and adduction (Fig. 3d). In contrast to 
Ichthyostega, the modern tetrapods examined show appreciable shoulder 
mobility in all three planes of movement (Fig. 2b) and a more equal 
distribution between positive and negative angular movements (see 
Supplementary Table 3). Elbow joint mobility in Ichthyostega is, as far 
as can be judged from the ulna articulation, comparable to that in the 
modern tetrapods. It is relatively flexible in all degrees of freedom and 
shows a pattern intermediate between more sprawling animals and those 
that use more upright limb postures (see Supplementary Table 4). 

The restricted range of shoulder mobility in Ichthyostega is primarily 
the product of an anteroposteriorly elongated and dorsoventrally 
flattened glenoid fossa and humeral head"’. As with the hip, this type 
of joint morphology produces a condyloid-like joint articulation, 
permitting flexion/extension and adduction/abduction but preventing 
humeral long-axis rotation. Further to this, the glenoid fossa in 
Ichthyostega is somewhat twisted along its primary axis, with its 
anterior portion facing ventrally and its posterior portion facing 
dorsally. The morphology of the glenoid fossa in Ichthyostega guides 
the forelimb to move in a slight anteroventral-to-posterodorsal plane 
during shoulder joint flexion, whereas during adduction it directs the 
forelimb to move in an inclined plane from the vertical, causing the 
humerus to trend posteriorly (Fig. 3e, f). In addition to joint shape, 
the pectoral girdle of Ichthyostega also has a large bony buttress 
surrounding the anterodorsal border of the glenoid itself, further 
restricting movements in extension and abduction. 

Given that symmetrical gaits (for example lateral sequence walking, 
trotting) require a large degree of limb retraction and rotation, in addition 
to girdle rotation by means of bending of the vertebral column’*"*"*”, 
it is unlikely that Ichthyostega employed such gaits with its forelimbs. 
Indeed, the pattern of shoulder joint mobility in Ichthyostega, in 
combination with a rigid pectoral girdle and thorax (due to large 
overlapping ribs'*) and terrestrially ineffectual hindlimbs, indicates 
that the most likely mode of forelimb movement on land/substrate 
involved synchronous mudskipper-like ‘crutching’ motions”. This 
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Figure 3 | Partitioned range of mobility in the hip joint and shoulder joint 
of Ichthyostega. a, Hip joint mobility partitioned into positive and negative 
angular movements. b, Movement of the hip in flexion/extension. c, Movement 
of the hip in adduction/abduction. d, Shoulder joint mobility partitioned into 
positive and negative angular movements. e, Movement of the shoulder in 
flexion/extension. f, Movement of the shoulder in adduction/abduction. 
Asterisks indicate the resting pose. Specific details of the method used to 
calculate joint range of mobility are provided in Supplementary Information, as 
are animations of maximum range of mobility in the shoulder and hip of 
Ichthyostega. Scale bars, 10 cm. 


proposed locomotory behaviour for the forelimbs of Ichthyostega 
concurs with previous conjectures*“ and is further supported by highly 
developed elbow extensor musculature (implied by large dorsally 
extending olecranon processes)’ attached to a relatively mobile elbow 
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joint. In addition to land/substrate movement, however, the large 
amount of shoulder adduction and elbow extension in the forelimb 
of Ichthyostega would have enabled both station-holding and lifting of 
the head out of the water to breathe and potentially feed”. 

On the basis of our study of limb joint mobility, combined with rib 
and vertebral morphology*”’, we conclude that Ichthyostega could not 
use ‘normal’ quadrupedal gaits. The ability to rotate the humerus and 
femur longitudinally and use symmetrical gaits (for example lateral 
sequence walking) must have evolved in other early tetrapod species. 
Given that a similar type of shoulder and/or hip joint morphology 
presents itself in some other early tetrapod species”*”®, limited limb 
joint mobility—particularly long-axis rotation—may have been more 
widespread (see Supplementary Information). However, the use of 
symmetrical gaits, or lack thereof, in other early tetrapods would need 
to be tested through further three-dimensional investigations of both 
the limbs and axial skeleton. Nevertheless, long-axis rotation capacity 
was present in the fins of tetrapodomorph fishes*’, indicating that 
some tetrapods evolved through a phase of restricted shoulder*” and 
hip joint mobility before acquiring the ability to perform rotary 
motions and the associated locomotory behaviours that persist in 
extant taxa. 

In addition, our data indicate that the tetrapod forelimb was the first 
to gain a role in land/substrate locomotion, with the pelvis and hindlimb 
becoming robust more as a muscular and propulsive adjunct to the tail 
for swimming and only later being exapted for walking on land (contra 
ref. 14). The divergent functional roles of early tetrapod limbs and the 
late onset of hindlimb-powered land/substrate locomotion are consist- 
ent with both the diminutive pelvic fins of tetrapodomorph fishes 
compared with their pectoral fins, and with the genetic mechanisms 
controlling the formation of fin and limb musculature. In particular, 
studies demonstrate a distinct evolutionary lag between the develop- 
mental modes of pectoral and pelvic fin musculature in bony fishes*””*. 
Therefore, in addition to hip joint constraints, it is conceivable that 
Ichthyostega did not yet have the pelvic musculature necessary for 
hindlimb-driven land/substrate movement, but rather gradually 
transformed the existing musculature from a more aquatic to a more 
terrestrial propulsive role. 

Given our results, could an Ichthyostega-like early tetrapod have 
produced similar trackways to some of those recently described from 
the Middle Devonian'®? All available evidence from limb joint mobility 
and axial anatomy*"* indicates that such animals could not have made 
symmetrical gait ‘foot’ prints. In particular, these early tetrapods 
probably lacked the necessary rotary motions in their limbs (and 
perhaps lateral flexion of the vertebral column) to push the body off 
the substrate and progress using alternating limb movements. Maybe 
as yet unknown tetrapod species (or known taxa that currently lack 
postcranial material) with different joint mobility and axial anatomy 
made these traces; available data cannot yet answer this conundrum. 
Nonetheless, the analysis presented here supports the possibility 
that Ichthyostega-like animals could produce synchronous (parallel) 
trackways, as our findings indicate that such a trace should consist of a 
series of bilateral forelimb impressions. 


METHODS SUMMARY 


Study taxa were medical or ,tCT scanned depending on size, with settings varying 
widely. Scan data were segmented in Mimics (Materialise) and reconstructed in the 
rendering software Autodesk 3D Studio Max. Limb joints were modelled as ball- 
and-socket joints with three degrees of freedom: adduction/abduction (about the 
x axis), flexion/extension (about the y axis) and pronation/supination (that is, long- 
axis rotation; about the zaxis). Joint angles were measured in the biomechanical 
modelling software SIMM (Software for Interactive Musculoskeletal Modeling; 
Musculographics, Inc.) from an anatomical resting pose that was set to a starting 
angle of 0°. Maximum range of movement was determined by moving joints in 5° 
increments until there was either bone-to-bone contact or the joint became 
disarticulated. Movements in adduction, flexion and pronation were considered 
to be negative angular movements (decreasing angle between segments) and 
ranged from a minimum of 0° to a maximum of — 180°. Movements in abduction, 
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extension and supination were considered to be positive angular movements 
(increasing angle between segments) and ranged from a minimum of 0° to a 
maximum of +180°. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Bone geometry. A large selection of Ichthyostega specimens (see Supplementary 
Information), particularly focusing on postcranial material, and five modern 
analogues including a Tiger salamander (Ambystoma tigrinum; TNHC 17991), 
Nile crocodile (Crocodylus niloticus; RVC ‘Flunch’ specimen in J.R.H.’s research 
collection), Platypus (Ornithorhynchus anatinus, USNM 221110), Grey seal 
(Halichoerus grypus; UMZC K.7943) and European otter (Lutra vulgaris; 
UMZC K.2768), were scanned with a medical CT or CT (depending on size; 
settings varied widely) to capture three-dimensional bone geometry. All files were 
segmented in Mimics software (Materialise), exported as high-resolution .stl files 
and then reconstructed in the three-dimensional modelling, animation and 
rendering software Autodesk 3D Studio Max. Because articular cartilage is no 
longer present on the bones of Ichthyostega, all joints in the extant taxa were also 
reconstructed without any articular cartilage, ensuring that modelling conditions 
were kept consistent; however, we investigate this assumption further below. 
Model alignment. All animals and models (Supplementary Fig. 1) were articu- 
lated in a stepwise fashion. First, the skull and vertebral column of each animal 
studied were aligned in a straight line; however, because of the ventrally directed 
sacral ‘hip fan’ in Ichthyostega, the tail was left sloping ventrally. The pectoral and 
pelvic girdles were then positioned. Unlike the pelvic girdle, which attaches to the 
sacrum, the placement of the pectoral girdle is slightly more subjective. The 
salamander, platypus and crocodile were all scanned as cadaveric specimens; 
positioning of the pectoral girdle was therefore fairly straightforward. The seal 
and otter, however, were scanned as disarticulated skeletons; in this case, the 
pectoral girdle (or scapula) was considered to sit over the anterior ribs with the 
straight edge of the scapular blade pointing dorsally and not extending above 
the level of the neural spines. In Ichthyostega the pectoral girdle was aligned with 
an impression of the left cleithrum on the thoracic ribs of MGUH VP 6115. The 
limbs were then positioned and their centres of rotation and joint axes aligned (see 
below). 

Limb joint axes. With respect to the shoulder and hip, spheres were placed in the 
glenoid and acetabulum to estimate each joint’s centre of rotation, assuming a ball- 
and-socket (three degrees of freedom) joint. The humerus and femur were then 
positioned in an anatomical resting pose, which was determined by moving the 
bones until they were gently resting—with no bone contact—in their respective 
sockets/spheres. As a result, the resting pose inherently accounts for a certain 
thickness of soft tissue (for example articular cartilage). However, because of the 
elongated and narrow glenoid and acetabulum in Ichthyostega, the centre of 
rotation in the shoulder and hip was determined by first aligning and scaling a 
cylinder along the primary axis of the glenoid and acetabulum and then aligning a 
sphere, with the same cross-sectional diameter, to the cylinder’s centre of rotation; 
the humerus and femur were then positioned into a resting pose, and the size of the 
sphere was adjusted to ensure that it entirely enveloped the humeral or femoral 
head. In addition, because the glenoid in Ichthyostega twists along its primary axis, 
a plane was also placed through the glenoid to estimate, more realistically, the 
orientation of the humerus. 

After establishing each joint’s centre of rotation, the three orthogonal axes of 
each sphere were aligned to the anatomical axes of the humerus and femur, first 
by determining the long axis of the bone, and then orienting the craniocaudal axis 
and dorsoventral axis (in sprawling animals) or mediolateral axis (in parasagittal 
animals). Then the centres of rotation and joint axes of the humerus and femur 
were aligned with their respective spheres (Supplementary Fig. 2). The same 
procedure was followed for aligning the antebrachium (ulna and radius), manus, 
crus (tibia and fibula) and pes, but this time spheres were placed on the distal ends 
of the humerus and femur to estimate joint axes in the elbow and knee or the ulna/ 
radius and tibia/fibula to estimate joint axes in the wrist and ankle (which were not 
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examined in this study, particularly because of the absence of a manus and the lack 
of a clear ankle joint in Ichthyostega). 

Bone segments. To reduce processing time, the high-resolution Autodesk 3D 
Studio Max models were partitioned into two files, one composed of the pectoral 
girdle and left forelimb and another of the pelvic girdle and left hindlimb. Individual 
bones were grouped to create four segments: the girdle segment (pectoral or pelvic), 
followed by the proximal limb segment (humerus or femur), the distal limb segment 
(antebrachium or crus) and finally the manus or pes segment. However, because the 
ulna and radius in Ichthyostega do not articulate in close proximity to each other, 
and the radial condyle is partly missing, the distal segment of the forelimb in 
Ichthyostega consists solely of the ulna. To preserve positional relationships, 
segments (and associated spheres) were linked hierarchically such that if a segment 
was moved, all associated distal segments moved in the same direction. 

SIMM model. To quantify maximum range of movement, each limb model was 
recreated in the biomechanical modelling software SIMM (Musculographics, 
Inc.)”. To build a SIMM model, each bone’s positional relationship in a 
Cartesian coordinate system was determined in Autodesk 3D Studio Max. First, 
the centre of rotation or pivot point of the girdle segment was aligned to x,y,z 
coordinates of 0,0,0. The x,y,z coordinates of the proximal segment were recorded 
and then the pivot point of the proximal segment (and associated sphere) was 
realigned to 0,0,0, such that it was overlapping the girdle segment. This procedure 
was repeated for the distal segment and then finally the manus/pes segment. The 
joint axes were then determined using each segments associated sphere. To do this, 
the pivot point of each sphere was moved a short distance along its local x axis 
(craniocaudal direction) and then the new x,y,z location (compared with 0,0,0) was 
recorded. The pivot point was then returned to 0,0,0 and the same procedure was 
repeated for the local y axis (dorsoventral or mediolateral) and z axis (long axis of 
bone). The coordinates of the joint axes were then normalized by dividing each by 
its standard deviation. Finally, all 0,0,0 aligned segments were exported as .stl files 
to create a ‘bone file’ and the positional relationships were combined to construct a 
linked ‘joint file’ (.jnt). 

Range of movement. In SIMM, each joint was modelled with three degrees of 
freedom: adduction/abduction (about the x axis), flexion/extension (about the 
yaxis) and pronation/supination (that is, long-axis rotation; about the zaxis) 
(Supplementary Fig. 2). The terms used to describe movement in this study are 
specific to joint angles rather than net limb/segment movement during active 
locomotion (for example, protraction/retraction, elevation/depression). In terms 
of angular movements, the resting pose of each segment was set to a starting angle 
of 0°. Movements in adduction, flexion and pronation were considered to be 
negative angular movements (decreasing angle between segments) and ranged 
from a minimum of 0° to a maximum of —180°. Conversely, movements in 
abduction, extension and supination were considered to be positive angular move- 
ments (increasing angle between segments) and ranged from a minimum of 0° toa 
maximum of +180° (Supplementary Fig. 2). Finally, to obtain the maximum 
range of motion three assumptions were followed: first, joints were only permitted 
to move along one plane at any time (that is, movements were uncoupled); second, 
joints were permitted to translate or slide within their presumed joint capsule”; 
and third, joints were moved in 5° increments until there was either bone-to-bone 
contact or the joint became disarticulated. 

Institutional abbreviations. MGUH, Geological Museum, Copenhagen; RVC, 
Royal Veterinary College, London; TNHC, Texas Natural History Collections; 
UMZC, University Museum of Zoology, Cambridge; USNM, Smithsonian 
Institution National Museum of Natural History. 
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Two African apes are the closest living relatives of humans: the 
chimpanzee (Pan troglodytes) and the bonobo (Pan paniscus). 
Although they are similar in many respects, bonobos and chim- 
panzees differ strikingly in key social and sexual behaviours'*, and 
for some of these traits they show more similarity with humans 
than with each other. Here we report the sequencing and assembly 
of the bonobo genome to study its evolutionary relationship with 
the chimpanzee and human genomes. We find that more than three 
per cent of the human genome is more closely related to either the 
bonobo or the chimpanzee genome than these are to each other. 
These regions allow various aspects of the ancestry of the two ape 
species to be reconstructed. In addition, many of the regions that 
overlap genes may eventually help us understand the genetic basis 
of phenotypes that humans share with one of the two apes to the 
exclusion of the other. 

Whereas chimpanzees are widespread across equatorial Africa, 
bonobos live only south of the Congo River in the Democratic 
Republic of Congo (Fig. la). As a result of their relatively small and 
remote habitat, bonobos were the last ape species to be described” and 
are the rarest of all apes in captivity. As a consequence, they have, until 
recently, been little studied’. It is known that whereas DNA sequences 
in humans diverged from those in bonobos and chimpanzees five to 
seven million years ago, DNA sequences in bonobos diverged from 
those in chimpanzees around two million years ago. Bonobos are thus 
closely related to chimpanzees. Moreover, comparison of a small 
number of autosomal DNA sequences has shown that bonobo DNA 
sequences often fall within the variation of chimpanzees’. 

Bonobos and chimpanzees are highly similar to each other in many 
respects. However, the behaviour of the two species differs in import- 
ant ways’. For example, male chimpanzees use aggression to compete 
for dominance rank and obtain sex, and they cooperate to defend their 
home range and attack other groups’. By contrast, bonobo males are 
commonly subordinate to females and do not compete intensely for 
dominance rank’. They do not form alliances with one another and 
there is no evidence of lethal aggression between groups’. Compared 
with chimpanzees, bonobos are playful throughout their lives and 
show intense sexual behaviour’ that serves non-conceptive functions 


and often involves same-sex partners*. Thus, chimpanzees and 
bonobos each possess certain characteristics that are more similar to 
human traits than they are to one another’s. No parsimonious recon- 
struction of the social structure and behavioural patterns of the 
common ancestor of humans, chimpanzees and bonobos is therefore 
possible. That ancestor may in fact have possessed a mosaic of features, 
including those now seen in bonobo, chimpanzee and human. 

To understand the evolutionary relationships of bonobos, chimpan- 
zees and humans better, we sequenced and assembled the genome of a 
female bonobo individual (Ulindi) and compared it to those of 
chimpanzees and humans. Compared with the 6x Sanger-sequenced 
chimpanzee genome’ (panTro2), the bonobo genome assembly has a 
similar number of bases in alignment with the human genome, a 
similar number of lineage-specific substitutions and similar indel error 
rates (Table 1 and Supplementary Information, sections 2 and 3), 
suggesting that the two ape genomes are of similar quality. Segmental 
duplications affect at least 80 Mb of the bonobo genome, according to 
excess sequence read-depth predictions. Owing to over-collapsing of 
duplications, only 14.6 Mb are present in the final assembly (Sup- 
plementary Information, section 4), a common error seen in assemblies 
from shorter-read technologies’. We used the finished chimpanzee 
sequence of chromosome 21 together with the human genome 
sequence to estimate an error rate of approximately two errors per 
10 kb in the bonobo genome, with comparable qualities for the X chro- 
mosome and autosomes. The bonobo genome can therefore serve as a 
high-quality sequence for comparative genome analyses. 

On average, the two alleles in single-copy, autosomal regions in the 
Ulindi genome are approximately 99.9% identical to each other, 99.6% 
identical to corresponding sequences in the chimpanzee genome and 
98.7% identical to corresponding sequences in the human genome. A 
comprehensive analysis of the bonobo genome is presented in 
Supplementary Information. Here we summarize the most interesting 
results. 

We identified and validated experimentally a total of 704 kb of DNA 
sequences that occur in bonobo-specific segmental duplications. They 
contain three partially duplicated genes (CFHR2, DUS2L and 
CACNAIB) and two completely duplicated genes (CFHR4 and 
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Figure 1 | Geographical distribution and test for admixture between 
chimpanzees and bonobos. a, Geographical distribution of bonobos and 
chimpanzees. b, D statistics for the admixture test between bonobos and three 
chimpanzee groups. Each pairwise comparison between one bonobo and two 


DDX28). However, bonobos and chimpanzees share the majority of 
segmental duplications, and they carry approximately similar numbers 
of bases in lineage-specific duplications (Fig. 2a). 

As in other mammals, transposons, that is, mobile genetic elements, 
make up approximately half of the bonobo genome (Supplementary 
Information, section 6). In agreement with previous results®, we find 
that Alu insertions accumulated about twice as fast on the human 
lineage as on the bonobo and chimpanzee lineages (Fig. 2b). We 
identified two previously unreported Alu subfamilies in bonobos 
and chimpanzees, designated AluYp1, which is present in 5 copies in 
the human genome and in 54 and 114 copies in the bonobo and 
chimpanzee genomes, respectively, and AluYp2, which is absent from 
humans and present in 24 and 37 copies, respectively, in the two apes. 
We found that, as in mice’, African-ape-specific L1 insertions are 
enriched near genes involved in neuronal activities or cell adhesion 
and are depleted near genes encoding transcription factors or involved 
in nucleic-acid metabolism (Supplementary Information, section 6). 
In humans, L1 retrotransposition has been shown to occur preferen- 
tially in neuronal precursor cells and has been speculated to contribute 
to functional diversity in the brain’. The tendency of new L1 integrants 
to accumulate near neuronal genes on evolutionary timescales may 
mimic the somatic variation found in the brain. 

To investigate whether bonobos and chimpanzees exchanged genes 
subsequent to their separation, we used a test (the D statistic’®) to 
investigate the extent to which the bonobo genomes might be closer 
to some chimpanzees than to others (Supplementary Information, 
section 10). To this end, we generated Illumina shotgun sequences 
from two western, seven eastern, and seven central chimpanzees 
(Fig. la) and from three bonobos (Supplementary Information, 


Table 1| Bonobo genome assembly characteristics and genomic 
features compared with the chimpanzee genome (panTro2) 


Bonobo Chimpanzee 
Bases in contigs 2.7 Gb 3.0 Gb 
N50 contigs 67 kb 29 kb 
N50 scaffolds 9.6 Mb 9.7Mb 
Human bases covered by alignments 2.74Gb 2.72 Gb 
Lineage-specific substitutions 5.71 million 5.67 million 
Indel error rate 0.14 errorskb~* 0.13 errors kb 1 
Segmental duplication content (>20 kb) 77,.2Mb 76.5 Mb 
Lineage-specific retrotransposon integrants 1,445 1,039 


See also Supplementary Information, sections 2-4 and 6. kb, kilobase; Mb, megabase; Gb, gigabase. 
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chimpanzee groups is depicted as one panel. Each point in a panel represents 
one bonobo individual compared with two chimpanzee individuals from 
different groups. Admixture between bonobo and chimpanzee is indicated by a 
Z-score greater than 4.4 or less than —4.4. 


section 5). We then used alignments of sets of four genomes, each 
consisting of two chimpanzees, the bonobo and the human, and tested 
for an excess of shared derived alleles between bonobo and one 
chimpanzee as compared with the other chimpanzee. We observe no 
significant difference between the numbers of shared derived alleles 
(Fig. 1b). There is thus no indication of preferential gene flow between 
bonobos and any of the chimpanzee groups tested. Such a complete 
separation contrasts with reports of hybridization between many other 
primates’’. It is, however, consistent with the suggestion that the 
formation of the Congo River 1.5-2.5 million years ago created a 
barrier to gene flow that allowed bonobos and chimpanzees to evolve 
different phenotypes over a relatively short time. 

Because the population split between bonobo and chimpanzee 
occurred relatively close in time to the split between the bonobo- 
chimpanzee ancestor (Pan ancestor) and humans, not all genomic 
regions are expected to show the pattern in which DNA sequences 
from bonobos and chimpanzees are more closely related to each other 
than to humans. Previous work using very low-coverage sequencing of 
ape genomes has suggested that less than 1% of the human genome 
may be more closely related to one of the two apes than the ape 
genomes are to one another’’. To investigate the extent to which such 
so-called incomplete lineage sorting (ILS) exists between the three 
species, we used the bonobo genome and a coalescent hidden 
Markov model (HMM) approach” to analyse non-repetitive parts of 
the bonobo, chimpanzee’, human” and orang-utan’> genomes. This 
showed that 1.6% of the human genome is more closely related to the 
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Figure 2 | Segmental duplications and transposon accumulation. a, Venn 
diagram showing segmental duplications in the human (H), chimpanzee (C) 
and bonobo (B) genomes. Each number of megabases refers to the total amount 
of sequence that occurs in segmental duplications (Supplementary 
Information, section 4). b, Accumulation of different retrotransposon classes 
on each lineage. 
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Figure 3 | Incomplete lineage sorting. a, Schematic description of ILS states 
and percentage of bases assigned to each state. b, Effective population sizes and 
split times inferred from ILS and based on a molecular clock with a mutation 
rate of 10° yr‘. Myr, million years. We note that other estimates of mutation 
rates will correspondingly affect the estimates of the split times. c, Overlap 


bonobo genome than to the chimpanzee genome, and that 1.7% of 
the human genome is more closely related to the chimpanzee than to 
the bonobo genome (Fig. 3a). 

To test this result independently, we analysed transposon integra- 
tions, which occur so rarely in ape and human genomes that the 
chance of two independent insertions of the same type of transposon 
at the same position and in the same orientation in different species is 
exceedingly low. We identified 991 integrations of transposons absent 
from the orang-utan genome but present in two of the three species 
bonobo, chimpanzee and human. Of these, 27 are shared between the 
bonobo and human genomes but are absent from the chimpanzee 
genome, and 30 are shared between the chimpanzee and human 
genomes but are absent from the bonobo genome, suggesting that 
approximately 6% (95% confidence interval, 4.1-7.0%) of the gnome 
is affected by ILS among the three species. The HMM estimation of ILS 
is further supported by the fact that the HMM tree topology assign- 
ments tend to match the ILS status of the neighbouring transposons 
(P=7.2X10°° and 0.025 for bonobo-human and chimpanzee- 
human ILS, respectively; Fig. 3c and Supplementary Information, 
section 6). We conclude that more than 3% of the human genome is 
more closely related to either bonobos or chimpanzees than these are 
to each other. 

Such regions of ILS may influence phenotypic similarities that 
humans share with one of the apes but not the other. In fact, about 
25% of all genes contain regions of ILS (Supplementary Information, 
section 8), and genes encoding membrane proteins and proteins 
involved in cell adhesion have a higher fraction of bases assigned to 
ILS than do other genes. Amino-acid substitutions that are fixed in the 
apes and show ILS may be particularly informative about phenotypic 
differences. We identified 18 such amino-acid substitutions shared 
between humans and bonobos and 18 shared between chimpanzees 
and humans (Supplementary Information, section 12). These are 
candidates for further study. An interesting example is the gene 
encoding the trace amine associated receptor 8 (TAAR8), a member 
of a family of G-coupled protein receptors that in the mouse detect 
volatile amines in urine that may provide social cues'®. Although this 
gene seems to be pseudogenized independently on multiple ape lineages, 
humans and bonobos share a single amino-acid change in the first 
extracellular domain and carry the longest open reading frames (of 
342 and 256 amino acids, respectively; open reading frames in all other 
apes, <180 amino acids) (SI 12). Further work is needed to clarify if 
TAARS is functional in humans and apes. 
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between predicted ILS transposons and the closest HMM ILS assignments 
within 100 bp of a transposon insertion. d, Proportion of ILS in exons, introns 
and across the whole genome, counted within ~1-Mb segments of alignment 
(Supplementary Information, section 8). e, Proportion of ILS dependent on 
recombination rates. Errors, 95% confidence interval. 


The ILS among bonobos, chimpanzees and humans opens the 
possibility of gauging the genetic diversity and, hence, the population 
history of the Pan ancestor. We used the HMM to estimate the effective 
population size of the Pan ancestor to 27,000 individuals (Fig. 3b), 
which is almost three times larger than that of present-day bonobos 
(Supplementary Information, section 9) and humans” but is similar to 
that of central chimpanzees*'*!’. We also estimated a population split 
time between bonobos and chimpanzees of one million years, which is 
in agreement with most previous estimates'*””. 

Differences in female and male population history, for example, 
with respect to reproductive success and migration rates, are of special 
interest in understanding the evolution of social structure. To 
approach this question in the Pan ancestor, we compared the inferred 
ancestral population sizes of the X chromosome and the autosomes. 
Because two-thirds of X chromosomes are found in females whereas 
autosomes are split equally between the two sexes, a ratio between their 
effective population sizes (X/A ratio) of 0.75 is expected under random 
mating. The X/A ratio in the Pan ancestor, corrected for the higher 
mutation rate in males, is 0.83 (0.75-0.91) (Fig. 4 and Supplementary 
Information, section 8). Similarly, we estimated an X/A ratio of 0.85 
(0.79-0.93) for present-day bonobos using Ulindi single nucleotide 
polymorphisms in 200-kb windows (Supplementary Information, 
section 9). Under the assumption of random mating, this would mean 
that on average two females reproduce for each reproducing male. The 
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Figure 4 | X/A ratios. The X/A ratios for Ulindi (bonobo), an African human 
and a European human were inferred from heterozygosity, and that for the Pan 
ancestor was inferred from ILS. The low X/A ratio for the European has been 
suggested to be due to demographic effects connected to migrating out of 
Africa*®. Errors, 95% confidence interval (Supplementary Information, sections 
8 and 9). 
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difference in the variance of reproductive success between the sexes 
certainly contributes to this observation, as does the fact that whereas 
bonobo females often move to new groups upon maturation, males 
tend to stay within their natal group**. Because both current and 
ancestral X/A ratios are similar to each other and also to some human 
groups (Fig. 4), this suggests that they may also have been typical for 
the ancestor shared with humans. 

Because factors that reduce the effective population size, in particular 
positive and negative selection, will decrease the extent of ILS, the 
distribution of ILS across the genome allows regions affected by selec- 
tion in the Pan ancestor to be identified. In agreement with this, we find 
that exons show less ILS than introns (Fig. 3d and Supplementary 
Information, section 8). We also find that recombination rates are 
positively correlated with ILS (Fig. 3e), probably because recombina- 
tion uncouples regions from neighbouring selective events. Unlike 
positive and negative selection, balancing selection is expected to 
increase ILS. In agreement with this, we find that ILS is most frequent 
in the major histocompatibility complex (MHC), which encodes cell- 
surface proteins that present antigens to immune cells (Supplementary 
Information, section 10) and is known to contain genes that evolve 
under balancing selection”’. 

To identify regions affected by selective sweeps in the Pan ancestor, 
we isolated long genomic regions devoid of ILS. The largest such region 
is 6.1 Mb long and is located on human chromosome 3. This region 
contains a cluster of tumour suppressor genes”, has an estimated 
recombination rate of 10% of the human genome average” and has 
been found to evolve under strong purifying selection in humans”. The 
diversity in the region, corrected for mutation rate, is lower than in 
neighbouring regions in chimpanzee but not in bonobos (Fig. 5a), and 
parts of the region show signatures of positive selection in humans'®”*”®. 
Apparently this region evolves in unique ways that may involve both 
strong background selection and several independent events of positive 
selection among apes and humans. 

The fact that the chimpanzee diversity encompasses bonobos for 
most regions of the genome can be exploited to identify regions that 
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Figure 5 | Selection in the bonobo-chimpanzee common ancestor and 
chimpanzees. a, Diversity in chimpanzee and bonobo around the region on 
chromosome 3 devoid of ILS. b, Regions where bonobos fall outside the 
variation of chimpanzee upstream of the MHC. The MHC region is not plotted 
because the SNP density is sparse there as a result of duplications. Five regions 
among the 50 longest regions are shown in yellow. Red points show posterior 
probabilities >0.8. 
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have been positively selected in chimpanzees after their separation 
from bonobos, because in such regions bonobos will fall outside the 
chimpanzee variation. We implemented a search for such regions, 
which is similar to a test previously applied to humans to detect selective 
sweeps since their split from Neanderthals’® (Homo neanderthalensis), 
inan HMM that uses coalescent simulations for parameter training, the 
chimpanzee resequencing data and the megabase-wide average of the 
human recombination rates (Supplementary Information, section 7). 
Because the size ofa region affected bya selective sweep will be larger the 
faster fixation was reached, the intensity of selection will correlate posi- 
tively with genetic length. We therefore ranked the regions according to 
genetic length and further corrected for the effect of background selec- 
tion™*. The highest-ranking region contains an miRNA, miR-4465, that 
has not yet been functionally characterized. Four of the ten highest- 
ranking regions contain no protein- or RNA-coding genes, and may 
thus contain structural or regulatory features that have been subject to 
selection. Notably, four of these ten regions are on chromosome 6, and 
two of these four are within 2 Mb of the MHC (Fig. 5b). This suggests 
that the MHC and surrounding genomic regions have been a major 
target of positive selection in chimpanzees, presumably as a result of 
infectious diseases. Indeed, chimpanzees have experienced a selective 
sweep that targeted MHC class-I genes and reduced allelic diversity 
across a wide region surrounding the MHC”, perhaps caused by the 
HIV-1/SIVcpz retrovirus”””’. 

The bonobo genome shows that more than 3% of the human genome 
is more closely related to either bonobos or chimpanzees than these are 
to each other. This can be used to illuminate the population history and 
selective events that affected the ancestor of bonobos and chimpanzees. 
In addition, about 25% of human genes contain parts that are more 
closely related to one of the two apes than the other. Such regions can 
now be identified and will hopefully contribute to the unravelling of the 
genetic background of phenotypic similarities among humans, bonobos 
and chimpanzees. 


METHODS SUMMARY 


We generated a total of 86 Gb of DNA sequence from Ulindi, a female bonobo who 
lives in Leipzig Zoo (Supplementary Information, section 1). All sequencing was 
done on the 454 sequencing platform and included 10 Gb of paired-end reads from 
clones of insert sizes of 3, 9 and 20 kb. The genome was assembled using the open- 
source Celera Assembler software’ (Supplementary Information, section 2). In 
addition, we sequenced 19 bonobo and chimpanzee individuals on the Illumina 
GAIIx platform to about one-fold genomic coverage per individual (Supplemen- 
tary Information, section 5). Supplementary Information provides a full descrip- 
tion of our methods. 
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A main limitation of therapies that selectively target kinase 
signalling pathways is the emergence of secondary drug resistance. 
Cetuximab, a monoclonal antibody that binds the extracellular 
domain of epidermal growth factor receptor (EGFR), is effective 
in a subset of KRAS wild-type metastatic colorectal cancers’. After 
an initial response, secondary resistance invariably ensues, thereby 
limiting the clinical benefit of this drug”. The molecular bases of 
secondary resistance to cetuximab in colorectal cancer are poorly 
understood**. Here we show that molecular alterations (in most 
instances point mutations) of KRAS are causally associated with 
the onset of acquired resistance to anti-EGFR treatment in 
colorectal cancers. Expression of mutant KRAS under the control 
of its endogenous gene promoter was sufficient to confer cetuximab 
resistance, but resistant cells remained sensitive to combinatorial 
inhibition of EGFR and mitogen-activated protein-kinase kinase 
(MEK). Analysis of metastases from patients who developed resist- 
ance to cetuximab or panitumumab showed the emergence of KRAS 
amplification in one sample and acquisition of secondary KRAS 
mutations in 60% (6 out of 10) of the cases. KRAS mutant alleles 
were detectable in the blood of cetuximab-treated patients as early 
as 10 months before radiographic documentation of disease pro- 
gression. In summaty, the results identify KRAS mutations as fre- 
quent drivers of acquired resistance to cetuximab in colorectal 
cancers, indicate that the emergence of KRAS mutant clones can 
be detected non-invasively months before radiographic progression 
and suggest early initiation of a MEK inhibitor as a rational strategy 
for delaying or reversing drug resistance. 

Defining the molecular bases of secondary resistance to anti- 
EGFR therapies is crucial to monitor, prevent and/or overcome drug 
refractoriness. To identify potential mechanisms of cetuximab resist- 
ance, we generated cetuximab-resistant variants of two colorectal 
cancer (CRC) cellular models (DiFi and Lim1215 cells) that are highly 
sensitive to EGFR inhibition (Supplementary Fig. 1a). DiFi cells over- 
express EGFR as a result of high level amplification of the EGFR gene 
locus’. By contrast, Lim1215 cells express ‘normal’ EGFR levels but are 
similarly sensitive to cetuximab (Supplementary Fig. 1b, c). Both cell 
lines are wild type for KRAS, BRAF and PIK3CA, paralleling the 
molecular features of the patients with CRC who are most likely to 
respond to cetuximab”. 

Continuous drug treatment using two different protocols (see 
Methods and Supplementary Fig. 2) led to the emergence of cetuximab- 
resistant variants (termed DiFi-R and Lim1215-R; Figs la and 2a). To 
identify the molecular basis of cetuximab resistance in these cells, we 
performed gene copy number analysis and mutational profiling of the 


resistant and parental lines. Cetuximab-resistant DiFi-R cells differed 
from their sensitive parental counterpart by two focal molecular 
alterations: the EGFR gene copy number was reduced, whereas the 
KRAS gene was amplified (Fig. 1b, c and Supplementary Fig. 3). These 
genomic changes were accompanied by reduced EGFR and increased 
KRAS protein expression in the cetuximab-resistant cells (Fig. 1d). 
Sequence analysis confirmed that the EGFR, KRAS, NRAS, HRAS, 
BRAF and PIK3CA genes were all wild type in the cetuximab-resistant 
clones. 

Sequence analysis of the Lim1215 cetuximab-resistant variants 
identified acquisition of either KRAS(G13D) or KRAS(G12R) muta- 
tions (Fig. 2b). In both DiFi-R and Lim1215-R cells, KRAS amplifica- 
tion and mutations, respectively, were accompanied by increased 
KRAS activation relative to their parental counterparts. In the presence 
of KRAS amplification, cetuximab could partially abrogate phosphor- 
ylation of MEK and extracellular signal-regulated kinase (ERK) but, as 
in KRAS mutant cells, was unable to induce growth arrest (Figs la, d 
and 2a, c). 

To determine whether resistance was due to selection of pre-existing 
drug-resistant cells, we analysed the parental cell lines in depth for the 
presence of a minority population of KRAS amplified or mutant cells. 
In the parental DiFi cells, we identified a sub-population with high level 
KRAS amplification at a prevalence of approximately 1:40,000 (Sup- 
plementary Fig. 4). Similarly, deep sequencing and BEAMing (bead, 
emulsion, amplification and magnetics)"’ indicated that approximately 
0.2% of the parental Lim1215 cells contained the KRAS(G13D) muta- 
tion (Supplementary Table 1). Notably, the G12R mutation was not 
detectable in the earliest available passage of parental cells, even when 
the analysis was performed at high coverage (>50,000-fold). These 
results suggest that the emergence of a cetuximab-resistant population 
could derive from selection ofa pre-existing KRAS amplified or mutant 
clone or as the result of “de novo’ acquisition of a KRAS mutation under 
the pressure of cetuximab treatment. To assess this latter possibility 
formally, we performed dilution cloning of the earliest available 
passage of Lim1215 cells to generate a homogenous, KRAS wild-type 
Lim1215 sub-line. As schematized in Supplementary Fig. 5, two 
successive dilution cloning experiments were performed and the 
derivative cells (hereafter referred to as E4.1) were confirmed as 
KRAS wild-type by both mass spectrometry (MS)-based genotyping 
and 454 pyrosequencing analysis. We then cultured the E4.1 cells in 
increasing concentrations of cetuximab, analogous to the experi- 
ment performed with the original Lim1215 parental line. Cells were 
collected during intermediate passages and subjected to MS-based 
genotyping and/or 454 sequencing analysis (Supplementary Fig. 5a). 
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Figure 1 | KRAS amplification mediates acquired resistance to cetuximab 
in DiFi cells. a, Parental (wild-type, WT) and cetuximab-resistant (-R1, -R2) 
DiFi cells were treated for one week with increasing concentrations of 
cetuximab. Cell viability was assayed by the ATP assay. Data points represent 
the mean = s.d. of three independent experiments. b, Whole exome gene copy 
number analysis of parental and cetuximab-resistant DiFi cells. Individual 
chromosomes are indicated on the x-axis. The lines indicate the sequencing 
depth (y-axis) over exome windows of 100,000 base pairs. c, Fluorescent in situ 
hybridization (FISH) analysis confirming KRAS amplification in resistant 
(DiFi-R) but not parental DiFi cells. KRAS locus bacterial artificial 
chromosome (BAC) DNA (probe RP11-707G18; green) and chromosome 12 
paint (red) were hybridized to the metaphase spreads of DiFi cells. Original 
magnification, x 100. d, DiFi cells were treated with 35 nM cetuximab for 24h, 
and whole-cell extracts were then subjected to western blot analysis and 
compared with untreated cells. DiFi-R1 and -R2 cells were plated in the absence 
of cetuximab for 7 days or maintained in their normal growth medium (with 
35 nM cetuximab) before protein analysis. Active KRAS (GTP-KRAS) was 
assessed by glutathione S-transferase (GST)-RAF1 pull-down. Whole-cell 
extracts were blotted with phosphorylated EGFR (pEGER; Tyr 1068), total 
EGFR, total KRAS, phosphorylated AKT (Thr 308), phosphorylated AKT 
(Ser 473), total AKT, total MEK1/2 and phosphorylated MEK1/2, total ERK1/2 
and phosphorylated ERK1/2 antibodies. Vinculin was included as a loading 
control. e, Western blot analysis of KRAS protein in DiFi cells infected with a 
KRAS lentivirus. Actin is shown as a loading control. f, Ectopic expression of 
wild-type KRAS in parental DiFi cells confers resistance to cetuximab. Data 
points represent the mean = s.d. of three independent experiments. 


MS genotyping identified a KRAS(A146T) mutation after four 
passages in increasing concentrations of cetuximab (20 nM and higher; 
Supplementary Fig. 5b). These cells were indeed resistant to the drug 
(Supplementary Fig. 5c, d), and showed biochemical activation of 
KRAS (Supplementary Fig. 5e). In parallel, genetic analysis of the 
E4.1 cells grown in medium without cetuximab found them to be 
KRAS wild type. In summary, these data suggest that resistance to 
cetuximab in Lim1215 cells may emerge not only from the selection 
of pre-existing KRAS mutant clones but also as a result of continuing 
mutagenesis. 

To prove that amplification or mutations of KRAS were causally 
responsible for cetuximab resistance in our in vitro models, we 
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Figure 2 | KRAS mutations mediate acquired resistance to cetuximab in 
Lim1215 cells. a, Parental (Lim) and cetuximab-resistant (Lim-R1 and Lim-R2) 
Lim1215 cells were treated for one week with increasing concentrations of 
cetuximab. Cell viability was assayed by the ATP assay. Data points represent the 
mean + s.d. of three independent experiments. b, Sanger sequencing of KRAS 
exon 2 in parental and two representative cetuximab-resistant Lim1215 cells 
obtained in independent selection procedures. c, Western blot analysis of the 
EGER signalling pathway in parental and cetuximab-resistant Lim1215 cells. 
d, Schematic representation of the vectors used to knock-in the G12R and G13D 
mutations into the genome of Lim1215 parental cell lines by AAV-mediated 
homologous recombination. Targeting was assessed by Sanger sequencing. ITR, 
inverted terminal repeat; P Neo, neomycin-resistance plasmid. e, Parental and 
isogenic Lim1215 cells carrying the indicated mutations were treated for one 
week with increasing doses of cetuximab. KI, knock-in. Data points represent the 
mean = s.d. of three independent experiments. 


performed two sets of forward genetic experiments. First, ectopic 
overexpression of wild-type KRAS in DiFi conferred resistance to 
cetuximab (Fig. le, f). Second, adeno-associated virus (AAV)- 
mediated targeted homologous recombination was used to introduce 
(knock-in) the G13D and G12R alleles into the endogenous KRAS 
locus of Lim1215 cells’*. Knock-in of the G13D or G12R mutant alleles 
rendered Lim1215 cells resistant to cetuximab (Fig. 2d, e). 

Patients with chemotherapy-refractory CRC, who initially respond 
and then become resistant to cetuximab, have no further therapeutic 
options. We reasoned that cetuximab resistance resulting from con- 
stitutive KRAS activation could be prevented or reversed by phar- 
macological inhibition of KRAS signalling. We thus co-treated the 
resistant clones with cetuximab and selective inhibitors of MEK kinase 
and phosphatidylinositol-3-OH kinase (PI(3)K)—two key down- 
stream effectors of oncogenic KRAS. Although PI(3)K inhibitors were 
ineffective in the cetuximab-resistant cells, both the Lim1215-R and 
DiFi-R cells were sensitive to combinatorial targeting of MEK and 
EGER (Supplementary Fig. 6). 

To determine whether KRAS mutation and/or amplification are 
clinically relevant mechanisms of acquired cetuximab resistance, we 
examined tumour biopsies from ten patients with CRC who had 
become refractory to either cetuximab or the anti-EGFR antibody 
panitumumab (Supplementary Table 2). We identified one individual 
(patient 11, Supplementary Table 3a) whose tumour at progression 
displayed KRAS amplification that was not present in a matched pre- 
cetuximab biopsy (Supplementary Fig. 7). In a different patient 
(patient 8, Supplementary Table 3a) Sanger sequencing identified a 
KRAS(Q61H) mutation in a biopsy obtained after disease progres- 
sion on cetuximab treatment; the remaining eight tumour samples 
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obtained in patients with acquired resistance to anti-EGFR therapy 
were wild-type KRAS by this technique (Supplementary Table 3a). 
To determine whether the Sanger technology may have been under- 
powered to detect KRAS mutations in the biopsies obtained after 
cetuximab or panitumumab progression, these remaining cases were 
analysed using either 454 deep sequencing or BEAMing. These 
techniques identified the KRAS(G13D) mutation in four samples, 
and the simultaneous presence of G12D and G13D mutations in 
one case (Fig. 3b). In the six patients for whom sufficient pre-treatment 
tumour samples were available for high coverage 454 sequence analysis 
or BEAMing, KRAS mutations were absent pre-treatment (Sup- 
plementary Table 3b). Tumours from a further eight patients treated 
with cytotoxic chemotherapy but not previously exposed to anti-EGFR 
therapies were also analysed by 454 deep sequencing. In all eight cases 
(patients 13-21), 454 sequence analyses identified no evidence of 
KRAS mutation (Fig. 3a). These results indicate that treatment with 
anti-EGFR antibodies but not cytotoxic chemotherapy is associated 
with the acquisition of KRAS mutations (P = 0.0193) (Fig. 3c). Our 
data support the initiation of clinical trials to define the prevalence of 
KRAS alterations as a mechanism of acquired resistance to anti-EGFR 
therapies through systematic collection of biopsies. 

Emergence of secondary resistance to cetuximab (disease progres- 
sion) is presently established by radiological evaluation, and typically 
occurs within 9 to 18 months. We reasoned that the detection of KRAS 
mutant alleles in the plasma of patients treated with cetuximab or 
panitumumab may allow the early identification of individuals at risk 
for this mechanism of drug resistance before radiographic documenta- 
tion of disease progression. We thus performed BEAMing analysis of 
serial plasma samples from patients treated with cetuximab (Sup- 
plementary Table 4a, b). This analysis confirmed that the same 
KRAS variants that were ultimately identified in the post-treatment 


Chemotherapy-resistant tumours 
KRAS mutational status 


Patient ID Mutation Percentage Reads*/eventst Patient ID 


2 WT* 0% 0/30,000 
7 WT* 0% 0/11,262 
8 WTt 0.01% 5/76,200 
9 WTt 0% 0/89,760 
10 WTt 0% 0/34,500 
a WTt 0% 0/190,600 
13 WT* 0% 0/18,277 
14 WT* 0% 0/27,942 
15 WT* 0% 0/43,279 
16 WT* 0% 0/41,693 
17 WT* 0% 0/30,174 
18 WT* 0% 0/16,400 
19 WT* 0% 0/29,578 
21 WT* 0% 0/18,277 


Figure 3 | Mutational analysis of the KRAS gene in patients. a, Mutational 
analysis of KRAS in patients with chemotherapy-refractory CRC. b, Mutational 
analysis of the KRAS gene in patients who progressed on anti-EGFR antibodies. 
The results in a and b are based on assays performed by deep sequencing 
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(disease progression) biopsies were detectable in plasma as early as 
10 months before the documentation of disease progression by radio- 
logical assessment (Fig. 4). 

Drugs that target activated kinase pathways have profound but often 
temporary anti-tumour effects in subsets of patients with advanced 
solid tumours. In patients with advanced CRC, antibodies that bind to 
the extracellular domain of EGFR induce tumour regressions in 10- 
15% of patients when used alone, and enhance the effects of cytotoxic 
chemotherapies when used in combination'*"*. Although several pre- 
vious studies have identified somatic mutations in the KRAS gene as a 
biomarker of intrinsic resistance to EGFR-targeted agents in patients 
with CRC*”, the molecular basis for acquired resistance has remained 
obscure. We now report, for the first time, that a substantial fraction of 
CRC patients who exhibit an initial response to anti-EGFR therapies 
have, at the time of disease progression, tumours with focal amplifica- 
tion or somatic mutations in KRAS that were not detectable before the 
initiation of therapy. Our data indicate that drug resistance resulting 
from alterations in KRAS can be attributed not only to the selection of 
pre-existent KRAS mutant and amplified clones, but also to new muta- 
tions that arise as the result of continuing mutagenesis. The percentage 
of KRAS mutant alleles detected in the resistant tumours ranged from 
0.4 to 17% (Fig. 3). At least three (not mutually exclusive) possibilities 
could account for this low allele frequency. First, despite our efforts to 
maximize tumour content by macrodissecting each sample, the indi- 
vidual tumour biopsies consisted of variable proportions of tumour 
and intermixed wild-type KRAS stromal cells. Second, only a fraction 
of the tumour cells in the disease progression samples may have 
contained the ‘resistance’ mutation. The latter model has been 
observed in patients with lung cancer with secondary resistance to 
the EGFR inhibitor erlotinib, in which only a fraction of the tumour 
cells collected at the time of radiographic disease progression contain 
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Anti-EGFR-resistant tumours 
KRAS mutational status 


Mutation Percentage Reads*/eventst 


1 WT* 0% 0/12,123 

2 G13D* 10% 859/8,556 

4 G13D* 5.9% 461/7,764 

5 G13D* 14.3%  1,037/7,247 

6 G13D* 8.6% 651/7,577 

v4 WT* 0% 0/17,142 

8 Q61HT 17.3% 5,960/190,200 

9 G12Dt 0.04%  17/40,200 
G13Dt 0.44%  117/26,400 

10 WTt 0% 0/50,300 

11 WTT (KRAS 0% 0/30,400 
amplified) 
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technologies, either 454 pyrosequencing (*) or BEAMing (7). c, Dot plot of the 
percentage of mutated KRAS alleles in patients with chemotherapy-refractory 
and anti-EGFR-resistant CRC. P value was calculated using a two-tailed 
unpaired Mann-Whitney test. 
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Figure 4 | Detection of circulating KRAS mutant DNA in a patient with 
acquired resistance to cetuximab therapy. a, Size of liver metastasis (blue 
bars) and carcinoembryonic antigen (CEA) levels in blood (blue line) at the 
indicated time points, showing an initial response to cetuximab followed by 
progression (patient 8). PR, partial response; PD, progressive disease. 

b, Quantitative analysis of KRAS(Q61H) mutant DNA in plasma, as assessed 
by BEA Ming. c, Two-dimensional dot plot showing quantitative analysis of the 
KRAS(Q61H) mutation in plasma using BEAMing at individual time points. 
d, Mutational analysis of KRAS on tumour samples collected before cetuximab 
treatment and at the time of disease progression. 


the EGFR(T790M) ‘resistant’ allele’*'*. Analogously, a recent study 
indicates that a subset of colorectal cancers found to be wild-type 
KRAS by conventional Sanger sequencing, but KRAS mutant by more 
sensitive techniques, do not respond to anti-EGER treatment”’. These 
data suggest that clinical drug resistance may result from the acquisi- 
tion of a drug-resistant allele in a sub-population of tumour cells. 
Finally, it is plausible that independent cell populations containing 
different resistance mechanisms evolve in parallel within the same 
metastatic lesion. Nevertheless, our functional analyses in cell models 
show that KRAS mutations are causally responsible for acquired res- 
istance to cetuximab. 

Furthermore, we find that the KRAS mutant alleles found in the 
tumours of patients collected after radiographic disease progression 
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can be detected in plasma using highly sensitive DNA analysis 
methods. As such tumours may be sensitive to combined treatment 
with a MEK inhibitor, our results suggest that blood-based non- 
invasive monitoring of patients undergoing treatment with anti- 
EGER therapies for the emergence of KRAS mutant clones could allow 
for the early initiation of combination therapies that may delay or 
prevent disease progression. 


METHODS SUMMARY 


DiFi and Lim1215 cells were exposed to different doses of cetuximab as described 
in Supplementary Fig. 2 to obtain the resistant variants. Cell viability was assessed 
by ATP content. Cells were seeded in 100 pl medium in 96-well plastic culture 
plates. The experimental procedures for knock-in of cancer mutations, the vectors, 
AAV production, cell infection and screening for recombinants have been 
described elsewhere'*. Tumour specimens were obtained through protocols 
approved by the Institutional Review Board of Memorial Sloan-Kettering 
Cancer Center (protocol 10-029) and Ospedale Niguarda Ca’ Granda (protocols 
1014/09 and 194/2010). Details about the clinical characteristics of patients are 
provided in Supplementary Table 2. Identification of cancer mutations in the 
KRAS, HRAS, NRAS, BRAF, PIK3CA and EGER genes was performed with dif- 
ferent sequencing platforms (Sanger, 454 pyrosequencing and mass spectro- 
metry), as described in detail in the Methods. For immunoblot analysis, total 
cellular proteins were extracted by solubilizing the cells in boiling SDS buffer. 
Western blot detection was done by enhanced chemiluminescence. The analysis 
of KRAS activation was performed by immunoprecipitation assay with a 
glutathione S-transferase (GST) fusion protein containing the Ras-binding 
domain (RBD) of RAF1 (GST-RAF1-RBD). Real-time PCR was performed using 
an ABI PRISM 7900HT apparatus (Applied Biosytems). KRAS protein expression 
was evaluated by immunohistochemistry performed on 3-1m-thick tissue sections 
using a specific KRAS (F234) antibody (SC-30, mouse monoclonal IgG» Santa 
Cruz Biotechnology). BEAMing was performed essentially as described previ- 
ously'®, with deviations from the original protocol outlined in Methods. FISH 
experiments were conducted with the histology FISH accessory kit (Dako). Data 
are presented as mean ~ s.d. and n = 3. Statistical significance was determined by 
a paired Student’s t-test or unpaired Mann-Whitney test. P< 0.05 was considered 
statistically significant. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Cell culture and generation of resistant cells. DiFi cells were cultured in F12 
medium (Invitrogen) supplemented with 5% FBS, and Lim1215 cells were 
cultured in RPMI-1640 medium (Invitrogen) supplemented with 5% FBS and 
1pgml' insulin. DiFi parental cells were plated in 100mm Petri dishes with 
2.5% FBS, and exposed to a constant dose of cetuximab (350 nM) for one year 
to obtain the resistant counterpart DiFi-R1. The DiFi-R2 derivative was obtained 
by increasing the cetuximab dosage stepwise from 3.5nM to 350nM during the 
course of a year. The same protocols were applied to Lim1215 cells, with variations 
with respect to cetuximab concentrations: for Lim-R1, cetuximab was used at 
1,400nM, and for Lim-R2, the drug concentration increased stepwise from 
350 nM to 1,400 nM. For Lim1215, both protocols required at least 3 months of 
drug treatment. The Lim1215 parental cell line had been described previously” 
and was obtained from R. Whitehead, with permission from the Ludwig Institute 
for Cancer Research. The genetic identity of the cell lines used in this study was 
confirmed by short tandem repeat (STR) profiling (Cell ID, Promega) 

Drug viability assays. Cetuximab was obtained from Pharmacy at Niguarda Ca’ 
Granda Hospital. The MEK inhibitor AZD6244 and the PI(3)K inhibitor 
GSK1059615 were purchased from Sequoia Chemicals and Selleck Chemicals, 
respectively. Cell lines were seeded in 100 pl medium at appropriate densities 
(5X 10* and 1.5 X 10° cells per well for DiFi and Lim1215 cells, respectively) in 
96-well plastic culture plates. After serial dilutions, drugs in serum-free medium 
were added to cells, and medium-only containing wells were added as controls. 
Plates were incubated at 37 °C in 5% CO, for 72-168 h, after which cell viability was 
assessed by ATP content using the CellTiter-Glo luminescent assay (Promega). 
Mutational analysis. RAS genotyping was performed using the iPLEX assay 
(Sequenom), which is based on a single-base primer extension assay. In brief, 
multiplexed PCR and extension primers are designed for a panel of known muta- 
tions. After PCR and extension reactions, the resulting extension products are 
analysed using a matrix-assisted laser desorption/ionization-time-of-flight 
(MALDI-TOF) mass spectrometer. For 454 picotiter plate pyrosequencing 
(Roche), PCR products were generated using primers designed to span exons 2, 
3 and 4 in KRAS and adapted with 5’ overhangs to facilitate emulsion PCR 
(emPCR) and sequencing. After amplification by emPCR, beads containing 
DNA were isolated. A total of 34,000 beads were sequenced in both directions, 
yielding 1,000-5,000 sequencing reads on average per sample (~1,000 reads per 
amplicon per sample) using GSFLX. To detect variants in 454 pyrosequencing 
data, reads were mapped with the Burrows-Wheeler aligner (BWA) using the 
bwasw mode for aligning long reads. The generated SAM file was then run through 
the Picard MarkDuplicate program to remove duplicated reads (reads with the 
same initial starting point). The file was then processed with the GATK BaseQ 
recalibrator. Finally, we generated pileups using Samtools and called variants using 
VarScan. For Sanger sequencing, all samples were subjected to automated sequen- 
cing by ABI PRISM 3730 (Applied Biosystems). All mutations were confirmed 
twice, starting from independent PCR reactions. 

All primer sequences are available on request. Exome sequencing was carried out 
by exome capture using the SeqCap EZ human exome library v1.0 (Nimblegen) and 
subsequent pyrosequencing of the captured fragments by means of 454FIx sequencer 
(Roche), according to the manufacturer’s protocols. A total of 1.2 million reads were 
sequenced for an average exome depth of <4. The reads were mapped using the 
manufacturer's mapping tools and the depth of the reads was used as an estimator of 
the copy number value in the two parental and resistant DiFi samples. Average read 
depths were calculated within overlapping 100,000-base-pair wide windows for 
Fig. 1b, whereas average read depths were calculated for exons and genes and plotted 
as dots and segments, respectively, in Supplementary Fig. 3a, b. 

Tissue procurement. Tumour specimens were obtained through protocols 
approved by the Institutional Review Board of Memorial Sloan-Kettering 
Cancer Center (protocol 10-029) and Ospedale Niguarda Ca’ Granda (protocols 
1014/09 and 194/2010). All tumour specimens were formalin-fixed paraffin- 
embedded. All patients provided informed consent and samples were procured 
and the study was conducted under the approval of the Review Boards and Ethical 
Committees of the Institutions. Details about the clinical characteristic of the 
patients are provided in Supplementary Table 2. 

BEAMing procedure. DNA was extracted from plasma using the QlAamp 
circulating nucleic acid kit (QIAGEN) according to manufacturer’s instructions. 
BEAMing was performed as described previously''. The first amplification was 
performed in a 50 pl PCR reaction, containing DNA isolated from 1 ml of plasma, 
1X Phusion high-fidelity buffer, 1.5U Hotstart Phusion polymerase (NEB, 
BioLabs), 0.5 1M of each primer with tag sequence, 0.2 mM of each deoxynucleoside 
triphosphate, and 0.5 mM MgCl. Amplification was carried out using the following 
cycling conditions: 98 °C for 45 s; 2 cycles of 98 °C for 10s, 67 °C for 10 s, 72 °C for 
10 s; 2 cycles of 98 °C for 10s, 64 °C for 10s, 72 °C for 10 s; 2 cycles of 98 °C for 10s, 
61°C for 10s, 72 °C for 10 s; 31 cycles of 98 °C for 10 s, 58 °C for 10 s, 72 °C for 10s. 
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PCR products were diluted, and quantified using the PicoGreen double-stranded 
DNA assay (Invitrogen). A clonal bead population is generated performing 
emPCR. PCR mixture (150 ul) was prepared containing 18 pg template DNA, 
40 U platinum Taq DNA polymerase (Invitrogen), 1x platinum buffer, 0.2 mM 
dNTPs, 5mM MgCh, 0.05 uM Tagl (TCCCGCGAAATTAATACGAC), 8 uM 
Tag2 (GCTGGAGCTCTGCAGCTA) and 6 X 10” magnetic streptavidin beads 
(MyOne, Invitrogen) coated with Tag] oligonucleotide (dual biotin-TSpacer18- 
TCCCGCGAAATTAATACGAC). The 150-pl PCR reactions were distributed 
into the wells of a 96-well PCR plate together with 70 ul of the emusifire oil. The 
water-in-oil emulsion was obtained by pipetting. The PCR cycling conditions 
were: 94°C for 2 min; 50 cycles of 94°C for 10s, 58°C for 15s, 70°C for 15s. 
All primer sequences are available on request. 

Immunoblot analysis. Before biochemical analysis, all cells were grown in their 
specific media supplemented with 5% FBS. Total cellular proteins were extracted by 
solubilizing the cells in boiling SDS buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl 
and 1% SDS). Western blot detection was done by enhanced chemiluminescence 
(GE Healthcare). The following antibodies were used for western blotting (all from 
Cell Signaling Technology, except where indicated): anti-phospho-AKT $473; 
anti-phospho-AKT 308; anti-AKT; anti-phospho-p44/42 ERK (Thr202/ 
Tyr 204); anti-p44/42 ERK; anti-P-MEK1/2 (Ser217/221), anti-MEK1/2; anti- 
KRAS (Santa Cruz); anti-EGFR (clone13G8, Enzo Life Sciences); anti-phospho 
EGER (Tyr 1068); anti-actin and anti-vinculin (Sigma-Aldrich). 

KRAS activation assay (RAS-GTP). The analysis of KRAS activation was per- 
formed by an immunoprecipitation assay with a GST fusion protein containing 
the Ras-binding domain (RBD) of RAF1 (GST-RAFI1-RBD), as previously 
described'*. The KRAS protein was detected with an anti-KRAS (F234) 
monoclonal antibody (Santa Cruz). 

Gene copy number analysis. Parental and resistant cell lines were trypsinized, 
washed with PBS and centrifuged; pellets were lysed and DNA was extracted using 
the wizard SV genomic kit (Promega) according to the manufacturer’s directions. 
Real-time PCR was performed with 150ng of DNA per single reaction using 
GoTaq QPCR Master Mix (Promega) and determined by real-time PCR using 
an ABI PRISM 7900HT apparatus (Applied Biosytems). 

All primer sequences are available on request. Exome sequencing was carried 

out by exome capture using the SeqCap EZ Human Exome Library v1.0 
(Nimblegen) and subsequent pyrosequencing of the captured fragments by means 
of 454Flx sequencer (Roche), according to manufacturer’s protocols. A total of 
1.2 million reads were sequenced for an average exome depth of <4. The reads 
were mapped using the manufacturer’s mapping tools and the depth of the reads 
was determined and used as an estimator of the copy number value in the two 
parental and resistant DiFi samples. Average read depths within overlapping 
100,000-base-pair wide windows were calculated and plotted in Fig. 1c; average 
read depths within exons and genes were calculated and plotted as dots and 
segments, respectively, in Supplementary Fig. 4a, b. 
Immunohistochemistry assay. KRAS protein expression was evaluated by 
immunohistochemistry performed on 3-m-thick tissue sections using a specific 
KRAS (F234) antibody (SC-30, mouse monoclonal IgG,, Santa Cruz Bio- 
technology; dilution 1:100) and the automated system BenchMark Ultra 
(Ventana Medical System, Roche) according to the manufacturers’ instructions, 
with minimum modifications. KRAS protein expression was detected at the 
cytoplasmatic and membrane level. Samples were considered positive when the 
expression of protein was present in at least 10% of cells. Healthy tissue, that is, 
normal colon mucosa, was used as an internal negative control; a slide with the 
DiFi-R2 cell line was used as an external positive control. Images were captured with 
the AxiovisionLe software (Zeiss) using an Axio Zeiss Imager 2 microscope (Zeiss). 
FISH analysis. All analyses were performed on 3-u1m-thick sections of formalin- 
fixed paraffin-embedded tumour tissue, provided by the Department of Anatomy 
Pathology of Niguarda Hospital, and on metaphase chromosomes and interphase 
nuclei, obtained from the DiFi cell line culture following the standard procedures. 
Tissue sections for FISH experiment were prepared according to the manufac- 
turer’s instructions of the histology FISH accessory kit (Dako). For both types of 
sample the last steps before hybridization were: dehydration in ethanol series 
(70%, 90% and 100%), three washes (5 min each) and air drying. 

Dual colour FISH analysis was performed using a 10-1] mix-probe made up 
by 1 pl CEP12 a-satellite probe (12p11-q11) labelled in SpectrumOrange (Vysis), 
1ul BAC genomic probe RP11-707G18 (12p12.1) spanning an approximately 
176-kilobase region encompassing the KRAS gene, labelled in SpectrumGreen 
(Bluegnome”’) and 8 pil LSI-WCP hybridization buffer (Vysis) for each slide. 
Probes and target DNA of specimens were co-denatured in HYBRite System 
(Dako) for 5 min at 75°C and then hybridized overnight at 37 °C. Slides were 
washed with post-hybridization buffer (Dako) at 73°C for 2min and 
counterstained with 4’,6-diamidino-2-phenylindole (DAPI II; Vysis). FISH 
signals were evaluated with a Zeiss Axioscope Imager.Z1 (Zeiss) equipped with 
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single and triple band pass filters. Images for documentation were captured with 
CCD camera and processed using the MetaSystems Isis software. Samples with a 
ratio greater than 3 between KRAS gene and chromosome 12 centromere signals, 
in at least 10% of 100 cells analysed in 10 different fields, were scored as positive for 
KRAS gene amplification. Healthy tissue, that is, normal colon mucosa, was used 
as an internal negative control. 

Plasmids and viral vectors. All experimental procedures for targeting vector 
construction, AAV production, cell infection and screening for recombinants have 
been described elsewhere’’. 


Statistical analysis. Data are presented as the mean + s.d. and n = 3. Statistical 
significance was determined by a paired Student’s ¢-test or two-tailed unpaired 
Mann-Whitney test (Fig. 3c). P< 0.05 was considered statistically significant. 
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21. Smith, G. et a/. Activating K-Ras mutations outwith ‘hotspot’ codons in sporadic 
colorectal tumours - implications for personalised cancer medicine. Br. J. Cancer 
102, 693-703 (2010). 


©2012 Macmillan Publishers Limited. All rights reserved 


LETTER 


doi:10.1038/nature11219 


The molecular evolution of acquired resistance to 
targeted EGFR blockade in colorectal cancers 


Luis A. Diaz Jr’?, Richard T. Williams’, Jian Wu!, Isaac Kinde’, J. Randolph Hecht’, Jordan Berlin’, Benjamin Allen’, Ivana Bozic’, 
Johannes G. Reiter”’®, Martin A. Nowak’, Kenneth W. Kinzler', Kelly S. Oliner® & Bert Vogelstein! 


Colorectal tumours that are wild type for KRAS are often sensitive 
to EGFR blockade, but almost always develop resistance within 
several months of initiating therapy'”. The mechanisms underlying 
this acquired resistance to anti-EGFR antibodies are largely 
unknown. This situation is in marked contrast to that of small- 
molecule targeted agents, such as inhibitors of ABL, EGFR, BRAF 
and MEK, in which mutations in the genes encoding the protein 
targets render the tumours resistant to the effects of the drugs**. 
The simplest hypothesis to account for the development of resist- 
ance to EGFR blockade is that rare cells with KRAS mutations pre- 
exist at low levels in tumours with ostensibly wild-type KRAS genes. 
Although this hypothesis would seem readily testable, there is no 
evidence in pre-clinical models to support it, nor is there data from 
patients. To test this hypothesis, we determined whether mutant 
KRAS DNA could be detected in the circulation of 28 patients 
receiving monotherapy with panitumumab, a therapeutic anti- 
EGFR antibody. We found that 9 out of 24 (38%) patients whose 
tumours were initially KRAS wild type developed detectable muta- 
tions in KRAS in their sera, three of which developed multiple 
different KRAS mutations. The appearance of these mutations 
was very consistent, generally occurring between 5 and 6 months 
following treatment. Mathematical modelling indicated that the 
mutations were present in expanded subclones before the initiation 
of panitumumab treatment. These results suggest that the 
emergence of KRAS mutations is a mediator of acquired resistance 
to EGFR blockade and that these mutations can be detected in a 
non-invasive manner. They explain why solid tumours develop 
resistance to targeted therapies in a highly reproducible fashion. 

One major barrier to testing any hypothesis about the nature of 
acquired resistance to anti-EGFR antibodies is limited access to 
post-treatment tumour tissue. Even when post-treatment tumour 
tissue is available, sampling bias confounds interpretation because 
only a small portion of one tumour is usually biopsied, precluding 
assessment of genetic heterogeneity within or among lesions. To cir- 
cumvent the tissue access problem, we have examined circulating, cell- 
free DNA—a form of ‘liquid biopsy’. It has been previously shown that 
circulating tumour DNA (ctDNA) can be found in the majority of 
patients with metastatic colorectal cancers’°. Analysis of ctDNA is 
informative because not only it can identify a specific mutant genotype, 
but it can also provide a measurement of the total tumour burden’. If 
tumours became resistant to anti-EGFR antibodies as a result of the 
emergence of KRAS mutations in their tumours, we expected that 
mutant KRAS genes would be released into the circulation in a time 
frame consistent with the emergence of resistance. 

We retrospectively analysed longitudinal serum samples from 28 
patients with chemorefractory metastatic colorectal cancer (CRC) 
receiving single-agent therapy with panitumumab”’. Four patients 
with KRAS mutant tumours, who never achieved disease control, were 


selected as controls. As expected, these four patients were found to 
have progressive disease at the time of first tumour assessment, 
7 + 2 weeks (mean + 1 standard deviation) after initiating treatment 
with panitumumab (Supplementary Table 1)'*. The other 24 patients 
with wild-type KRAS tumours achieved a partial response (n = 8), had 
prolonged stable disease (n = 14), or had retrospectively-determined 
progressive disease but remained on study for an extended period 
(n = 2). These 24 patients developed clinically evident progressive 
disease 25+ 10weeks (mean+1 standard deviation) following 
initiation of treatment (Supplementary Table 1) as determined by 
radiographic imaging. 

Serum samples obtained from patients before the initiation of 
therapy were evaluated for all common mutations at codons 12 and 
13 of KRAS using a digital ligation assay with a detection limit of one 
mutant molecule per ml of serum (examples in Supplementary Fig. 1)". 
Mutations were independently confirmed in a second aliquot of the 
same serum and the results quantified via a PCR assay that can digitally 
enumerate the fraction of rare variants in a complex mixture of DNA 
template molecules (examples in Supplementary Fig. 1 and Sup- 
plementary Table 2)". 

Of the four cases whose archival tumours harboured KRAS muta- 
tions, three had detectable levels of mutant KRAS in the serum before 
treatment with panitumumab (Supplementary Table 2). In these three 
patients, the KRAS mutations found in the circulation were identical to 
those found in the patients’ tumour tissues even though the time of 
serum assessment was, on average, 88 weeks after the diagnosis of 
metastatic disease and even longer after the initial tumour excision 
(Supplementary Tables 1 and 2). No mutations in KRAS were detected 
in the pre-treatment serum DNA from patients whose archival tumour 
tissue was wild type for KRAS (Supplementary Table 2). 

Next, we examined 169 serially acquired serum samples from the 28 
patients for the presence of mutant KRAS fragments (Supplementary 
Fig. 2). These samples were collected at approximately 4-week 
intervals until disease progression (Supplementary Table 2). Serum 
was assessed for mutations at KRAS codons 12 and 13 as described 
above. When sufficient serum was available (23 of 28 patients), it was 
assessed for BRAF mutations at codons 600 and 601 using the identical 
assay. Of the 24 patients who did not have KRAS mutations at baseline, 
nine (38%) were found to develop KRAS mutations during the course 
of therapy (Supplementary Table 2), whereas none developed BRAF 
mutations. In three cases (patients no. 1, 12 and 22), several KRAS 
mutations appeared in the circulation—two different mutants in one 
case and four different mutants in the two other cases (examples in 
Fig. 1). In each of these cases, the time to appearance of all mutations in 
the circulation was very similar (Fig. 2). Circulating mutant KRAS 
templates were identified before radiographic evidence of disease pro- 
gression in three of the nine cases (patients no. 1, 10 and 24). The lead 
time (that is, the interval between detectable ctDNA and radiographic 
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Figure 1 | Emergence of circulating mutant KRAS. a, b, The time course of 
circulating mutant KRAS alleles, CEA and tumour burden are depicted in two 
patients where fragments of circulating DNA containing mutant KRAS were 
detected. The emergence of four different mutant KRAS alleles in codon 12 


evidence of disease progression) averaged 21 weeks (Supplementary 
Table 2). The level of ctDNA generally paralleled that of CEA (carci- 
noembryonic antigen), the standard biomarker used for following 
disease progression in metastatic CRC (Supplementary Table 3 and 
Supplementary Fig. 2). 

In the three patients (patients no. 8, 20 and 28) with detectable 
mutant KRAS in their tumours as well as in their circulation, no new 
mutations in KRAS emerged (Supplementary Table 2). 

The progression-free survival (hazard ratio 0.9; 95% confidence 
interval 0.3366 to 2.453; P = 0.85; log-rank test) and overall survival 
(hazard ratio 0.42; 95% confidence interval 0.1599 to 1.144; P = 0.09; 
log-rank test) of patients was not significantly different whether they 
developed secondary KRAS mutations or not (Supplementary Fig. 3) 

The availability of serially collected serum samples provided a 
unique opportunity to model the tumour evolutionary process in those 
patients that responded to panitumumab. The first question we 
addressed was whether KRAS mutations were likely to be present 
before the initiation of therapy with panitumumab. To estimate the 
average tumour growth rate, we used the ctDNA data (Supplementary 
Table 2) from the nine patients that developed KRAS mutations during 
therapy. The average tumour growth rate was found to be 0.069—that 
is, the number of tumour cells resistant to panitumumab doubled 
approximately every ten days (doubling time = 1n2/0.069 days; see 
Supplementary Appendix). The growth rate represents the difference 
between the cell birth rate b and the cell death rate d, that is, b — d. 
Previous studies!? have shown that b ~ 0.25 for colorectal cancer cells, 
corresponding to one cell division every 4 days, yielding a value of 0.18 
( = 0.25 — 0.069) for d. 
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(cDNA nucleotides 35T, 34T, 35C and 34C) in the serum of patient 1 is shown in 
a, and the emergence of two different mutant KRAS alleles in codon 12 (CDNA 
nucleotides 34T and 35C) in the serum of patient 12 is shown in b. Tumour 
burden refers to the aggregate cross-sectional diameter of the index lesions. 


Using these data-derived estimates of b and d, a branching process 
model was used to test the null hypothesis that there were no cells with 
KRAS mutations in the tumours before the initiation of therapy. We 
calculated the probability that the number of mutant KRAS cells could 
have grown to at least the observed levels at the times they were 
measured, assuming this null hypothesis (see Supplementary 
Appendix). Using the known tumour burdens and pre-treatment 
ctDNA levels measured in patients 8 and 20 who harboured KRAS 
mutations in their tumours before therapy, as well as data obtained on 
previously studied patients with metastatic disease’, we calculated that 
one mutant KRAS template per ml of serum corresponds to a tumour 
containing 44 million KRAS-mutant cells. We performed the statistical 
valuation separately for each patient. In the three patients that 
developed more than one circulating KRAS mutation, we assumed that 
each of the detected KRAS mutations originated from a different lesion 
(see below). Thus a total of 16 lesions from nine patients were analysed. 
For each lesion, the possibility that the observed mutations were absent 
at the start of treatment could be rejected (thus confirming the pres- 
ence of pre-existing KRAS mutations) with >95% confidence (in most 
cases, >99.9% confidence; Supplementary Table 4)'*'°. Furthermore, 
we varied the birth rate b around the previously calculated value of 
0.25, allowing it to be as small as 0.15 or as large as 0.35, and found that 
this did not affect our conclusion that the mutations were present 
before therapy, although for one lesion the confidence fell below 
95% as the birth rate was increased (Supplementary Table 4). 

Next, we estimated how many mutations gave rise to resistance to 
panitumumab in patients in vivo. The total number of lesions large 
enough to detect by imaging averaged 7.0 lesions per patient in the 24 
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Figure 2 | Predicted probability distribution of times from when treatment 
starts until resistance mutations become observable in circulating DNA. 
The observed time to detection of mutant KRAS fragments (21 + 8.5 weeks, 
mean + 1 standard deviation) is overlaid with time to clinical progression 


patients studied with wild-type KRAS tumours (Supplementary Table 
1). Assuming that each individual KRAS mutation detected in the 
serum emanated from a single metastatic lesion, the 16 lesions 
responsible for contributing ctDNA (Supplementary Table 2) 
accounted for 9.6% of the total 167 lesions. The other 90% of lesions 
presumably had developed genetic alterations that were not assessed in 
our study. As we assessed four different mutated nucleotides of KRAS 
(at codons 12 and 13, Supplementary Table 5), this analysis suggests 
that a total of approximately 42 (= 4 X 167/16) nucleotides gave rise 
to resistance in our 24 patients. These remaining 38 nucleotides (42 
minus 4) would represent a maximum of 38 genes (one potential 
mutant nucleotide per gene), or approximately 10 genes if, like 
KRAS, there was an average of four nucleotides per gene that could 
give rise to resistance when mutated. 

Would at least one of these 42 mutant nucleotides be expected to be 
present in a metastatic lesion initiated by a single cell that was wild type 
at all 42 nucleotides? We analysed this question using a Luria- 
Delbriick model generalized to incorporate cell death'*""*. If we con- 
servatively assume that cancer cells have the same mutation rate as 
normal cells and the same birth rate described above (0.25)!*"”, then a 
tumour detectable by computed tomography scanning (one billion 
cells) is almost certain (probability > 1 — 10 *’) to contain at least 
one cell with a mutation at one of these 42 nucleotides. The expected 
number of such cells is about 3,200 (Supplementary Appendix)'®””. 
These 3,200 cells are distributed among various clones that arose during 
the growth of the metastatic lesion before therapy with panitumumab. 
The largest clonal subpopulation is in most cases the progeny of the 
subpopulation containing the first resistance mutation to arise and 
survive stochastic drift. Using the equations described in the Sup- 
plementary Appendix, we calculated the expected size of this clonal 
subpopulation as 2,200 cells; thus, 69% (2,200/3,200) of the resistant 
cells should be derived from a single clone. As described in the 
Supplementary Appendix, varying the number of possible mutations 
conferring resistance from 4 to 100 did not change this expectation: 
there are hundreds to thousands of cells with resistance mutations in 
each metastasis before the initiation of panitumumab therapy and 
more than half of these resistant cells are expected to be derived from 
a single clone. 

Our mathematical model also accounts for the very similar times at 
which circulating KRAS fragments were observed across patients and 
lesions. We calculated the probability distribution for the times at 


Observed clinical progression 
(mean + 1 s.d.) 


(25 + 10 weeks, mean + 1 standard deviation) in the patients studied. 
Predictions were based on the Luria—Delbriick model with death, as introduced 
in ref. 14, or equivalently, the branching process model from ref. 16. 


which circulating KRAS fragments should become detectable (Sup- 
plementary Appendix). As shown in Fig. 2, the mean of this distri- 
bution was 22 weeks with a 95% confidence interval ranging from 18 to 
25 weeks. These predicted times are strikingly similar to those actually 
observed in the patients analysed in this study (21 + 8.5 weeks, 
mean +1 standard deviation) and just slightly sooner than when 
clinical progression was observed (25 + 10 weeks, mean + 1 standard 
deviation). Finally, we performed simulations to further validate these 
analytical findings. The results were similar: mutant KRAS fragments 
were predicted to become evident at 22 + 1.5 weeks (mean + 1 
standard deviation) following treatment (Supplementary Appendix). 

Our study indicates that the resistance mutations in KRAS and other 
genes were highly likely to be present in a clonal subpopulation within 
the tumours prior to the initiation of panitumumab therapy. Although 
we base this conclusion on new data and mathematical analyses, it is 
consistent with earlier experimental data on other targeted agents'**! 
as well as theoretical predictions*”**. As noted in several previous 
studies of targeted therapeutic agents'**!, most lesions recur at 
approximately the same time following therapy. This was also true 
in our selected group of patients, in which disease progression 
occurred at the same time in patients who did or did not develop 
circulating KRAS mutations (Supplementary Fig. 3). 

Our study suggests that only a limited number of nucleotide muta- 
tions and genes are likely to be able to exert a resistance phenotype. If 
there were many more genes with this capacity, then it would be 
unlikely that such a high fraction of patients (38%) and lesions 
(9.6%) would develop mutations in a single gene (KRAS). This finding 
is consistent with earlier studies in that only a small number of genes has 
been found to be expressed differentially in resistant tumours and an 
even smaller number to be mutated—none as frequently as KRAS'*”**, 
That only a small number of genes can confer resistance is encouraging; 
if there were a very large number of genes (and nucleotides) that had the 
capacity to produce resistance to panitumumab, there would be little 
hope of combining this drug with others to circumvent resistance. 

In sum, our results suggest the following scenario for the develop- 
ment of resistance to panitumumab. Each relatively large metastatic 
lesion is expected to contain a subclone containing hundreds or 
thousands of cells with one of about 42 mutations conferring resistance 
to the antibody. Resistance is therefore a fait accompli—the time to 
recurrence is simply the interval required for the subclone to repopu- 
late the lesion. This generally takes 5 to 6 months (Fig. 2) and is due to 
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the rapid expansion of the resistant subclone immediately following 
treatment initiation. To make these remissions last longer than 5 to 
6 months, combination therapies targeting at least two different path- 
ways will be required. 


METHODS SUMMARY 

Patients and specimens. Patients with chemorefractory metastatic colorectal 
carcinoma were enrolled into one of two panitumumab monotherapy studies 
(NCT00089635 and NCT00083616)’°. The study protocols were approved by 
the institutional review boards and all patients signed a written consent form. A 
subset of patients was selected for this analysis from a total of 388 patients. Patients 
received panitumumab 6mgkg ' every twoweeks until disease progression. 
Tumour scans were read centrally by a panel of at least two blinded independent 
radiologists using a modification of the WHO criteria. Assessments were per- 
formed at 4-week intervals through week 28 and every 3 months thereafter until 
progression of disease. Responses were confirmed at least 4 weeks after response 
criteria were first met. KRAS mutational status in the tissue was predetermined 
using the DxS assay (Qiagen). 

DNA purification. DNA was purified from of 0.2-1 ml of banked serum using the 
QlAamp circulating nucleic acid kit (Qiagen, catalogue no. 55114) following the 
manufacturer’s recommendations. Amplifiable DNA was quantified with quant- 
itative PCR, using primers and conditions as previously described”. 
Assessments of circulating mutant KRAS DNA. The ligation assays were per- 
formed as previously described" using the primers and probes indicated in 
Supplementary Table 5. In brief, KRAS fragments containing codons 12 and 13 
were amplified with primers designed to yield a small PCR product (106 base 
pairs) to accommodate the degraded DNA found in serum”. Note that some of 
the probes contained locked nucleic acid (LNA) linkages (Exiqon). To confirm 
and further quantify samples containing KRAS mutations, BEAMing assays were 
used’? with the primers and probes listed in Supplementary Table 5. The number 
of mutant fragments per ml of serum was determined from the fraction of alleles 
containing the mutant allele (determined by BEA Ming’) and the number of alleles 
assessed per ml of plasma (determined by qPCR” and reported in Supplementary 
Table 6). 
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Autoregulation of microRNA biogenesis by let-7 and 


Argonaute 


Dimitrios G. Zisoulis'*, Zoya S. Kai'*, Roger K. Chang’? & Amy E. Pasquinelli’ 


MicroRNAs (miRNAs) comprise a large family of small RNA 
molecules that post-transcriptionally regulate gene expression in 
many biological pathways’. Most miRNAs are derived from long 
primary transcripts that undergo processing by Drosha to produce 
~65-nucleotide precursors that are then cleaved by Dicer, resulting 
in the mature 22-nucleotide forms®*. Serving as guides in 
Argonaute protein complexes, mature miRNAs use imperfect base 
pairing to recognize sequences in messenger RNA transcripts, 
leading to translational repression and destabilization of the target 
messenger RNAs*°. Here we show that the miRNA complex also 
targets and regulates non-coding RNAs that serve as substrates for 
the miRNA-processing pathway. We found that the Argonaute 
protein in Caenorhabditis elegans, ALG-1, binds to a specific site 
at the 3’ end of let-7 miRNA primary transcripts and promotes 
downstream processing events. This interaction is mediated by 
mature let-7 miRNA through a conserved complementary site in 
its own primary transcript, thus creating a positive-feedback loop. 
We further show that ALG-1 associates with let-7 primary tran- 
scripts in nuclear fractions. Argonaute also binds let-7 primary 
transcripts in human cells, demonstrating that the miRNA pathway 
targets non-coding RNAs in addition to protein-coding messenger 


RNAs across species. Moreover, our studies in C. elegans reveal a 
novel role for Argonaute in promoting biogenesis of a targeted 
transcript, expanding the functions of the miRNA pathway in gene 
regulation. This discovery of autoregulation of let-7 biogenesis 
establishes a new mechanism for controlling miRNA expression. 
Recent studies from our laboratory provided a global map of inter- 
actions between Argonaute and endogenous messenger RNAs 
(mRNAs) in C. elegans at the fourth larval (L4) stage of development’. 
Using cross-linking immunopurification with high-throughput 
sequencing (CLIP-seq), we found that more than 3,000 mRNA tran- 
scripts have sequences bound by C. elegans ALG-1 (Argonaute Like 
Gene 1). Unexpectedly, the non-coding let-7 primary transcripts (pri- 
let-7), which are processed into the mature let-7 miRNA, were among 
the RNAs targeted by Argonaute, as indicated by the presence of an 
ALG-1-binding site towards the 3’ ends of the transcripts (Fig. la and 
Supplementary Fig. 1). To verify that Argonaute associates with pri- 
let-7, we performed RNA immunopurification (RIP) assays, using an 
anti-ALG-1 antibody, in L4-stage lysates from wild-type worms and 
alg-1(gk214) mutants, which lack the anti-ALG-1 epitope and show 
slightly delayed development (Supplementary Fig. 2). A robust signal 
for pri-let-7 sequences was observed in wild-type but not alg-1(gk214) 
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Figure 1 | Argonaute binds and regulates pri-let-7. a, The let-7 gene: 
precursor sequence; two transcriptional start sites (A and B); splice site for SL1 
trans-splicing; and the ALG-1-binding site, which includes a let-7 
complementary site (LCS), are indicated. b, c, Detection of the indicated 
transcripts by RIP of wild type and alg-1(gk214) or HeLa cell extracts. IP, 
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immunopurification. d, Northern blot analysis of RNA from wild type (WT) 
and alg-1(gk214). e-g, Levels of pri-let-7 (e) relative to 18S ribosomal RNA 
(rRNA) and precursor (f) and mature (g) let-7 relative to 5.88 rRNA in wild 
type or alg-1(gk214) quantified from d. 
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extracts (Fig. 1b and Supplementary Fig. 3a). Two unspliced (A and B) 
and one SL1 trans-spliced primary let-7 isoforms are produced by the 
let-7 gene in C. elegans’, and they all seem to associate with Argonaute 
(Supplementary Fig. 3a). Control actin mRNA or pri-mir-2 transcripts 
were not detected in ALG-1 immunopurifications, demonstrating the 
specificity of Argonaute association with primary let-7 transcripts 
(Fig. 1b and Supplementary Fig. 3a). Human Argonaute (AGO) 
proteins also associate with a subset of let-7 primary transcripts, 
suggesting that this interaction is conserved in more complex 
organisms (Fig. 1c and Supplementary Fig. 3b). 

Argonaute-mediated post-transcriptional regulation can result in 
mRNA degradation**, and many established miRNA targets in C. elegans 
are upregulated in alg-1(gk214) mutant worms’. To test whether alg-1 
also regulates the levels of primary let-7 transcripts, we performed 
northern blotting on RNA extracted from wild-type and alg-1(gk214) 
worms after every 2 h of development from mid L3, when mature let-7 
starts to accumulate, until early adulthood. The three primary let-7 
transcripts were detected at similar levels in wild-type and alg- 1(gk214) 
worms after 24h of development (Fig. 1d). However, 4h later the total 
let-7 primary transcript levels in wild type had decreased to almost 
undetectable levels, whereas the levels in 
alg-1(gk214) remained high (Fig. 1d, e). Although the expression of let- 
7 primary transcripts in both strains still followed the previously 
described oscillation behaviour*, the cycling was muted in the 
alg-1(gk214) worms. Overall the pattern is consistent in independent 
biological replicates, although the rapid cycling of let-7 can shift the 
expression peaks of individual time courses (Supplementary Fig. 3d, e). 
By contrast with let-7, the levels of other primary miRNA transcripts 
showed modest, if any, changes in alg-1(gk214) compared with wild 
type at the L4 stage, and none of these primary miRNAs were detected 
in ALG-1 RIP assays (Supplementary Fig. 3c and data not shown). 
At all time points, precursor let-7 (pre-let-7) accumulated to higher 
levels in alg-1(gk214) compared with wild type, whereas mature let-7 
was more abundant in wild type (Fig. 1d, f, g and Supplementary 
Fig. 3d, f, g). An accumulation of the precursor form and a diminished 
level of the mature form was observed in alg-1(gk241) compared 
with wild-type worms for all miRNAs tested (mir-58, mir-90 and 
lin-4), regardless of changes in primary transcript levels (Supplemen- 
tary Fig. 3d and data not shown). These observations are consistent 
with previous reports of a general role for Argonaute in precursor 
processing and stabilization of mature miRNA”. 

The Argonaute-bound region in let-7 primary transcripts is about 
500 nucleotides downstream of the mature let-7 sequence and covers 
about 100 nucleotides, as mapped by ALG-1 CLIP-seq® (Fig. 1a). To 
test whether this site is required for interaction of ALG-1 with let-7 
primary transcripts, we created transgenic strains with a single copy 
insertion of the let-7 locus lacking the ALG-1-binding site. These 
animals express the endogenous primary let-7 transcripts from the 
X chromosome (wild-type pri-let-7) and primary let-7 transcripts with 
the ALG-1-binding site deleted (Aalg-1 pri-let-7) from chromosome 
II. Both the wild-type and the Aalg-1 pri-let-7 transcripts were 
expressed in the transgenic animals, but only the wild-type pri-let-7 
transcript with the ALG-1-binding site intact immunopurified with 
Argonaute (Fig. 2a and Supplementary Fig. 4a). 

Compared with the control strain, worms harbouring the Aalg-1 
pri-let-7 transgene expressed levels of primary let-7 that were higher 
overall (Fig. 2b and Supplementary Fig. 4b). In these assays, primary 
transcripts expressed from the endogenous let-7 locus are detected in 
addition to those of transgenic origin. To specifically analyse trans- 
genic let-7 expression, we crossed the transgenic strains into the let- 
7(mn112) background. The let-7(mn112) mutation removes 190 base 
pairs just upstream and including the first nucleotide of the let-7 
precursor, resulting in undetectable production of precursor or mature 
miRNA". Northern blotting showed higher levels of primary let-7 
transcripts lacking the ALG-1-binding site than of wild type for 
most time points in the let-7(mn112) background (Fig. 2c and 
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Figure 2 | The ALG-1-binding site in pri-let-7 regulates expression of let-7. 
a, Detection of the indicated transcripts by RIP from two independent 
transgenic strains. b, Ratio of the levels of pri-let-7 in Aalg-1 versus wild type 
determined by quantitative real-time PCR and normalized to 18S rRNA. 

c, Northern blot analysis of RNA from wild-type or Aalg-1 pri-let-7 transgenes 
in let-7(mn112). AA, AB and ASL1 indicate the pri-let-7 transcripts from the 
Aalg-1 pri-let-7 transgene. d, Ratio of the levels of let-7 transcripts expressed 
from Aalg-1 versus wild-type pri-let-7 transgenes in let-7(mn112) determined 
by quantitative real-time PCR and normalized to 18S rRNA. e, f, Levels of 
precursor (e) and mature (f) let-7 relative to 5.88 rRNA expressed from wild- 
type or Aalg-1 pri-let-7 transgenes in let-7(mn112) quantified from c. 


Supplementary Fig. 4c). Using primers that differentially detect the 
unspliced and SL1-spliced primary transcripts derived from the 
transgenes in quantitative real-time PCR assays, we found that the 
SL1-spliced isoform was responsible for the increase detected in 
the Aalg-1 pri-let-7 transgenic worms (Fig. 2d and Supplementary 
Fig. 4d). Unexpectedly, although the Aalg-1 pri-let-7 levels were 
higher, the levels of precursor and mature let-7 in those animals 
were 2-5-fold lower than the levels in their wild-type counterparts 
(Fig. 2c, e, fand Supplementary Fig. 4c, e, f). This deficiency reduced 
the rescue activity of the Aalg-1 pri-let-7 transgene in the let-7(mn112) 
background (Supplementary Fig. 4g). 

We found a potential let-7 complementary site within the ALG-1- 
binding region of pri-let-7 that is conserved in other Caenorhabditis 
species (Fig. 3a and Supplementary Fig. 5a,b). To test whether let-7 
miRNA mediates association of ALG-1 with primary let-7 transcripts, 
we performed RIP assays, using L4-stage wild-type and let-7(n2853) 
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Figure 3 | Mature let-7 regulates its own maturation. a, Base pairing of 
mature let-7 to a site in pri-let-7, with the G— A mutation in let-7(n2853) 
indicated. b, Detection of the indicated transcripts by RIP of wild type and let- 
7(n2853). ¢, Northern blot analysis of RNA from wild type and let-7(n2853). 
d-f, Levels of pri-let-7 (d) relative to 18S rRNA and precursor (e) and mature 
(f) let-7 relative to 5.88 rRNA in wild type or /et-7(n2853) quantified from 

c. g, Analysis of mature let-7(n2853) relative to 18S rRNA from the indicated 
strains or a 1:1 mix of RNA from let-7(n2853) and wild type (mean + s.e.m., 
n= 3, *P<0.05). 


mutant animals. The Jet-7(n2853) mutant animals harbour a point 
mutation (G— A) at the fifth nucleotide of the mature miRNA 
(Fig. 3a), which disrupts base pairing to target mRNAs’*’”. Primary 
let-7 immunopurified with ALG-1 in wild-type but not let-7(n2853) 
extracts (Fig. 3b and Supplementary Fig. 6a), indicating that the asso- 
ciation of Argonaute with primary let-7 transcripts requires the mature 
let-7 miRNA. 

Northern blot analysis of primary let-7 in staged let-7(n2853) and 
wild-type animals during development from the mid L3 stage until the 
mid L4 stage showed similar or higher levels in let-7(n2853) than in 
wild-type animals (Fig. 3c, d and Supplementary Fig. 6b-d). Despite 
the generally higher levels of primary let-7, precursor and mature let-7 
were substantially reduced in let-7(n2853) compared with wild-type 
worms (Fig. 3c-f and Supplementary Fig. 6b-f). 

Our cumulative data indicate that binding of ALG-1 through 
mature let-7 miRNA to pri-let-7 results in reduced transcript levels 
and increased mature levels, consistent with a role for ALG-1 in pro- 
moting the processing of primary let-7 transcripts. To test this idea 
further, we investigated whether introduction of wild-type let-7 would 
boost the levels of mature let-7(n2853). Because the let-7(n2853) 
primary transcript has an intact let-7 complementary site, the presence 
of wild-type mature let-7 miRNA is predicted to recruit ALG-1 to 
the transcript to promote processing and increase levels of mature 
let-7(n2853). Strains containing the wild-type let-7 gene integrated 
on chromosome II and the let-7(n2853) allele on the X chromosome 
(denoted let-7(n2853); let-7(+)) were tested for effects on the levels of 
mature let-7(n2853) RNAs. Compared with the let-7(n2853) strain, 
the levels of mature let-7(n2853) were increased in the let-7(n2853); 
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let-7(+) strain (Fig. 3g). This upregulation is probably muted by 
destabilization of the mature miRNA attributed to the n2853 muta- 
tion, which impairs the target-mediated protection conferred on 
mature miRNAs by their target mRNAs”. 

Because processing of miRNA primary transcripts typically occurs 
in the nucleus, we investigated the association of ALG-1 with pri-let-7 
in this compartment. About 20% of ALG-1 protein localized to the 
nuclear fraction (Fig. 4a). Notably, almost half of the mature let-7 
miRNA—double the amount of three other tested miRNAs 
(Fig. 4a)—was associated with the nuclear fraction. Using ALG-1 
RIP assays of whole-cell and nuclear fractions from wild-type animals, 
we observed strong and specific association of pri-let-7 with ALG-1 in 
both extracts (Fig. 4b). 

Recently, the nuclear transport receptor exportin-1 (XPO-1) was 
implicated in regulating primary miRNA processing through an 
unknown mechanism’*. As previously reported, depletion of xpo-1 
by RNA interference (RNAi) resulted in a twofold decrease in mature 
let-7 levels'* (Fig. 4c). Moreover, xpo-1 depletion reduced the nuclear 
localization of ALG-1 by a factor of 3.5+0.1 (mean+s.em., n=5, 
P<0.001), but did not affect total ALG-1 levels, compared with wild- 
type controls (Fig. 4d). Additionally, RIP assays revealed reduced asso- 
ciation of ALG-1 with pri-let-7 in xpo-1-depleted animals (Fig. 4e). 
Although exportin-1 is best characterized as a nuclear export factor, 
it has been shown to interact with Argonaute proteins in mammalian 
cells’, and it thus remains to be determined how direct a role XPO-1 
has in mediating nuclear interactions between ALG-1 and pri-let-7. 

Our studies reveal a novel picture of non-coding RNAs as targets of 
miRNA-induced silencing complexes. We find that Argonaute asso- 
ciates with let-7 miRNA primary transcripts in C. elegans and with a 
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Figure 4 | Association of ALG-1 with pri-let-7 in nuclear fractions. 

a, Detection in whole cell (W), nuclear (N) or cytoplasmic (C) fractions of the 
indicated proteins or RNAs (mean + s.e.m., n = 3). PAGE, polyacrylamide gel 
electrophoresis; tRNA;™", initiator methionine transfer RNA. b, Levels of the 
indicated transcripts relative to their respective inputs analysed by RIP and 
detected by quantitative real-time PCR (mean + s.e.m., n = 2). ¢, Ratio of 
mature let-7 from xpo-I1 relative to control RNAi after normalization to 18S 
rRNA (mean + s.e.m., 1 = 7, *P < 0.001). d, Detection of the ALG-1 protein in 
fractions from wild-type and xpo-1-depleted animals. e, Analysis of pri-let-7 or 
18S rRNA relative to their respective inputs by RIP and quantitative real-time 
PCR of control (wild type) or xpo-1 RNAi (mean = s.e.m., n = 4, *P < 0.001). 
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subset of pri-let-7 RNAs in human cells, indicating that transcripts 
other than mRNAs can also be miRNA targets and should be 
considered in target prediction endeavours. Argonaute is best 
understood in its role in directing deadenylation and translational 
repression of bound mRNAs through incompletely resolved mechan- 
isms*°. Although the mechanism by which ALG-1 regulates let-7 
primary transcripts is yet to be fully elucidated, it seems to depend 
on the subcellular localization of Argonaute, as regulated by XPO-1, 
and to be independent of LIN-28 (Supplementary Fig. 7). Recently 
miR-709 was reported to inhibit the processing of pri-miR-15a/16-1 
in mouse cells”. The discovery that the miRNA complex can regulate 
the processing of primary transcripts reveals a new role for Argonaute 
in the miRNA pathway. Moreover, this is the first example of a direct 
miRNA autoregulatory loop, whereby mature let-7 binds and pro- 
motes processing of its own primary transcript. This amplification 
mechanism may be important for efficient production of mature 
let-7 from the oscillating levels of primary transcript substrates during 
development of C. elegans. Our demonstration of direct miRNA regu- 
lation of let-7 biogenesis adds to the growing list of factors that impose 
post-transcriptional control on production of this important 
miRNA**'”*’, Because misregulation of let-7 leads to disease**, the 
let-7 positive-feedback loop presents a new target for therapeutic inter- 
ventions designed to restore appropriate miRNA levels. 


METHODS SUMMARY 


Caenorhabditis elegans were grown and synchronized by standard methods at 
25 °C. Polyacrylamide gel electrophoresis and agarose northern blotting methods 
were used to detect smaller and larger RNA species, respectively’. For PCR assays 
with reverse transcription, RNA was extracted and complementary DNA was 
synthesized using random hexamers*. For quantification of mature let-7 
miRNA from the /et-7(n2853) strain, we used Taqman Small RNA Assays with 
a custom-made reverse-transcription primer specific to the mutant sequence 
(Applied Biosystems). RIP assays in C. elegans were performed with anti-ALG-1 
antibodies (Thermo Fisher Scientific) and in HeLa cells with antibodies (4F9, 
sc-53521, Santa Cruz; 2e12/1c9, Sigma) that recognize AGO1 to AGO4 (refs 8, 29). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Nematode culture and strains. Caenorhabditis elegans worms were synchronized 
by standard methods, cultured at 25 °C and collected at the indicated time points. 
The wild-type strain used is N2 Bristol. The wild-type (PQ320) and Aalg-1 trans- 
genic strains 1 and 2 (PQ402 and PQ404) respectively express the wild-type 
pri-let-7 transcript or the Aalg-1 pri-let-7 transcript with the ALG-1-binding site 
deleted from single-copy transgenes integrated in chromosome II using the 
MosSCI system”? along with the endogenous primary let-7 from chromosome 
X. The wild-type (PQ425) and Aalg-1 (PQ426) transgenic animals in the 
let-7(mn112) background were created by crossing PQ320 or PQ404 into 
let-7(mn112) animals, which do not express precursor or mature let-7. The 
let-7(n2853); let-7(+) transgenic animals express the wild-type primary let-7 
transcript from a single-copy transgene integrated in chromosome II and the 
endogenous let-7(n2853) transcript from the X chromosome, and were created 
by crossing PQ320 into the let-7(n2853) strain. 

Northern blotting. PAGE and agarose northern blotting methods were used to 
detect smaller and larger RNAs species, respectively’. The primers used for probe 
templates are described in Supplementary Table 1. To detect primary let-7 tran- 
scripts expressed only from transgenes in the let-7(mn112) background, the probe 
was limited to the 190-nt deletion missing in the let-7(mn112) allele. Equal 
amounts of probes complementary to the wild-type and the let-7(n2853) 
miRNAs were used in PAGE northern blot analyses for the mature and precursor 
forms. Precursor levels in the wild-type and let-7(n2853) strains were also analysed 
with a probe specific for the loop region, which is identical in the wild-type and 
mutant let-7 RNAs. RNA bands were quantified using the IMAGE) software 
package. 

PCR assays with reverse transcription. RNA was extracted using standard 
TRIzol (Invitrogen) procedure and treated with RQ1 DNase (Promega). 
Complementary DNA synthesis was performed with Superscript II or III reverse 
transcriptase (Invitrogen) using random hexamers. Standard PCR was performed 
with the primers listed in Supplementary Table 1 and the products were resolved 
on agarose gels. Quantitative real-time PCR was performed using SYBR Green or 
Fast SYBR Green (Applied Biosystems) on ABI Prism 7000 Real Time PCR or 
StepOne instruments. Quantification of wild-type mature let-7 or let-7(n2853) 
miRNA at the L4 stage was performed with Taqman Small RNA Assays (Applied 
Biosystems) following the manufacturer’s instructions using the hsa-let-7a 
reverse-transcription primer and Taqman probe or a custom-made reverse- 
transcription primer and Taqman probe specific for the let-7(n2853) sequence, 
respectively. Expression data were normalized to 18S rRNA. Levels of mature 
let-7(n2853) for the 1:1 mix of RNA from wild-type and let-7(n2853) animals 
were adjusted by a factor of two to compensate for the twofold dilution of the 
mature wild-type and let-7(n2853) miRNAs. Statistical analysis was performed 
using paired one- or two-tailed Student’s t-tests 

RNA immunopurification assays. RIP assays in C. elegans extracts were per- 
formed in L4-stage worms as described previously with minor modifications*. An 
aliquot (5% of total volume) was collected as RNA input control, and the lysates 
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were pre-cleared for 1h at 4°C with Protein G Dynabeads and incubated 
overnight with 2-7 ug of custom polyclonal anti-ALG-1 antibody (Thermo 
Fisher Scientific) or control IgG (total, Caltag Laboratories or Rat anti-GFP 
Clone 1A5, Santa Cruz) with gentle shaking at 4°C. Protein G Dynabeads were 
added the next day, incubated at 4 °C for 1 h with gentle shaking and washed twice 
with lysis buffer for 10 min at 4 °C, RNA was extracted and complementary DNA 
was synthesized with random primers using Superscript III. 

RNA immunopurification in HeLa cells. RIP assays in HeLa cell extracts 
were performed as described previously” with minor modifications. Following 
centrifugation, the supernatant was incubated with 1501 of Dynal Myl 
Streptavidin-coated magnetic beads (Invitrogen) coupled either to 7.5 1g of 
biotinylated AGO-specific 4F9 antibody, which recognizes AGO] to AGO4 
(sc-53521, Santa Cruz), or to biotinylated control anti-CD4* antibody (L3T4, 
eBiosciences), which were previously equilibrated with lysis buffer. Immuno- 
purified AGO proteins were visualized with the 2e12/1c9 antibody (Sigma). 
Biotinylation of the 4F9 antibody was performed as described previously”. 
Supernatant and beads were incubated for 2h with gentle shaking at 4°C and 
then washed twice with ice-cold lysis buffer for 5 min each with gentle shaking. 
RNA was extracted with TRIzol and the miRNeasy RNA extraction kit (Qiagen) or 
standard phenol/chloroform extraction followed by DNase treatment. 
Subcellular fractionation of C. elegans. Fractionation of whole C. elegans worms 
was performed according to a protocol provided by the Mello Lab, University of 
Massachusetts, with certain modifications. L4-stage worms were harvested, flash- 
frozen and lysed in ice-cold isotonic lysis buffer (ILB) (25mM HEPES, 10 mM 
KCl, 5% v/v glycerol, 0.5 mM DTT, protease inhibitor cocktail (Complete Mini) 
and 24 Uml ' RNAsin) using a glass tissue grinder with pestle. Lysates were 
centrifuged at 500g for 30s at 4°C and one-third of the supernatant volume 
was collected (whole-cell fraction). The rest was centrifuged at 2,000g for 5 min 
at 4°C. The supernatant (cytoplasmic fraction) was subjected to two further 
centrifugations (2,000g for 5 min at 4°C) and the pellet (nuclear fraction) was 
washed twice with ILB (2,000g for 5 min at 4°C). Nuclear fractions were resus- 
pended in a volume of ILB equivalent to the cytoplasmic fractions. 

Western blot analysis. Western blot analysis was performed as described previ- 
ously'* with mouse monoclonal antibodies against tubulin (Sigma) and RNA 
polymerase II (Santa Cruz) or custom rabbit polyclonal antibody against a peptide 
in ALG-1 (Thermo Fisher Scientific). Goat-anti-mouse IgG and goat-anti-rabbit 
IgG secondary antibodies conjugated to horseradish peroxidase (Jackson 
Immunochemicals) were used along with ECL Plus chemiluminescence reagents 
(GE Healthcare) followed by exposure to MS Film (Kodak). 

RNAi treatments. One-generation RNAi treatments on wild-type animals were 
performed, using the xpo-1 clone (JA:ZK742.1; primers: CAACGATTCCTCA 
CCTGGAT and TITTCGAGTTCATGCACGAG) from the commercially 
available C. elegans RNAi library (Source BioScience LifeSciences). 


30. Frokjaer-Jensen, C. et al. Single-copy insertion of transgenes in Caenorhabditis 
elegans. Nature Genet. 40, 1375-1383 (2008). 
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Generalized Levy walks and the role of chemokines 
in migration of effector CD8* T cells 


Tajie H. Harris', Edward J. Banigan’, David A. Christian!, Christoph Konradt', Elia D. Tait Wojno'" Kazumi Norose’, 
Emma H. Wilson*, Beena John', Wolfgang Weninger™*®, Andrew D. Luster’, Andrea J. Liu* & Christopher A. Hunter! 


Chemokines have a central role in regulating processes essential to 
the immune function of T cells’*, such as their migration within 
lymphoid tissues and targeting of pathogens in sites of inflammation. 
Here we track T cells using multi-photon microscopy to demonstrate 
that the chemokine CXCL10 enhances the ability of CD8* T cells to 
control the pathogen Toxoplasma gondii in the brains of chronically 
infected mice. This chemokine boosts T-cell function in two different 
ways: it maintains the effector T-cell population in the brain and 
speeds up the average migration speed without changing the nature 
of the walk statistics. Notably, these statistics are not Brownian; 
rather, CD8* T-cell motility in the brain is well described by a 
generalized Lévy walk. According to our model, this unexpected 
feature enables T cells to find rare targets with more than an order 
of magnitude more efficiency than Brownian random walkers. 
Thus, CD8* T-cell behaviour is similar to Lévy strategies reported 
in organisms ranging from mussels to marine predators and 
monkeys*"'°, and CXCL10 aids T cells in shortening the average 
time taken to find rare targets. 

T. gondii is an opportunistic pathogen that causes encephalitis in 
patients with acquired defects in T-cell function"’. Several studies have 
established that resistance to this parasite in the central nervous system 
(CNS) relies on T-cell production of interferon (IFN)-y and cytotoxic 
T cells, but little is known about the factors that regulate the behaviour of 
effector T cells at this site’***. To understand the role of chemokines in 
directing T cells to regions of infection during toxoplasmic encephalitis, 
real-time PCR (rtPCR) was performed to assess changes in chemokine- 
receptor expression in the brains of infected mice (Supplementary Fig. 1a). 
Notably, messenger RNA transcripts for CXCR3, a receptor expressed 
by activated and memory T cells and associated with T-helper 1 (Ty;1)- 
type responses'*’® and its ligands, CKCL9 and CXCL10, were highly 
expressed during toxoplasmic encephalitis (Fig. 1a). Previous studies 
have demonstrated extensive production of Cxcll0 mRNA by activated 
astrocytes during toxoplasmic encephalitis’. Analysis of lymphocytes 
isolated from the brains of mice infected with ovalbumin (OVA)- 
expressing Prugniaud-strain (Pru°’) tachyzoites showed that CD8* 
T cells, including those specific for ovalbumin, express CXKCR3 (Fig. 1b) 
and migrate towards CXCL10 ex vivo (Fig. 1c). Thus, parasite-specific 
CD8* T cells present in the CNS during toxoplasmic encephalitis are 
responsive to CXCR3 ligands. 

Although CXCL10 is required for resistance to acute T. gondii 
infection’, little is known about how this molecule affects T-cell 
responses during chronic toxoplasmic encephalitis. Therefore, we 
treated chronically infected mice with anti-CXCL10 antibodies. One 
week later, mononuclear cells from the brain were isolated, and T cells 
were quantified by flow cytometry. Anti-CXCL10 treatment led to a 
40% decrease in the number of CD8" T cells (Fig. 2a, P = 0.04) and an 
increase in parasite burden (Fig. 2b, P = 0.04). Immunohistochemical 
staining for T. gondii showed latent cyst forms in control mice (Fig. 2c), 


whereas regions of active parasite replication were observed in the 
brains of anti-CXCL10-treated mice (Fig. 2d). To address the role of 
CXCLI10 in the recruitment and maintenance of antigen-specific 
T cells in the CNS, we used an adoptive-transfer system. In vitro- 
activated OVA-specific OT-I cells were transferred to mice chronically 
infected with Pru’, resulting in the migration and accumulation of 
these cells within the CNS’’. When OT-I T cells were transferred to 
chronically infected wild-type C57BL/6 or Cxcl10-deficient mice, 
knockout mice had 60% fewer transferred cells in the brain in 
comparison to wild-type mice, whereas equivalent numbers were 
recovered from the spleen and lymph node in both groups (Sup- 
plementary Fig. 1b, c). Similar results were obtained when Cxcr3/~ 
and wild-type OT-I cells were transferred to wild-type mice 
chronically infected with Pru°’“ (Supplementary Fig. 1d, e). 
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Figure 1 | Chemokine and chemokine receptor expression in the brain 
during chronic toxoplasmosis. C57BL/6 mice were infected with Pru0’* and 
RNA was isolated from whole brain tissue. a, rtPCR specific for Cxcl9, Cxcll0 and 
Cxcr3 was performed and normalized to Hprt mRNA. Results are depicted as 
mean and s.e.m. of fold increase over uninfected brain. Data are representative of 
two independent experiments with three mice per group. RQ, relative quantity. 
b, Brain mononuclear cells were purified on day 35 after infection. CKCR3 
expression (solid line) by CD8* and K>-SIINFEKL* (tet*) cells was measured 
by flow cytometry. The grey histogram represents the fluorescence minus one 
control. Data are representative of three independent experiments. c, Purified 
brain mononuclear cells were used in ex vivo chemotaxis assays. The 

mean and s.e.m. percentage of cells that migrated towards CXCL10 are depicted. 
Results are representative of three independent experiments. 
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Figure 2 | CXCL10 affects the CD8* T-cell population and the control of 
parasite replication. a, b, Mice chronically infected with Pru©Y“ were treated 
with anti-CXCL10 (+) antibody or control antibody (—). T cells isolated from 
the brain were identified by flow cytometry (a) and parasite burden was 
measured in the brain using rtPCR (b). Results are depicted as mean and s.e.m. 
of three independent experiments, with 3-4 mice per group. *P = 0.05, paired 
Student’s t-test. c, d, Immunohistochemical staining of brain sections for 

T. gondii (green), CD8 (red) and 4’,6-diamidino-2-phenylindole (DAPI; blue) 
in anti-CXCL10-treated mice (c) and control animals (d). Scale bar, 20 um. OT- 
1%? cells were expanded in vitro and transferred to mice chronically infected 


with PruO’“ parasites. On day 7 after transfer, brains from mice that received 


These studies show that CXCL10 and CXCR3 are required for 
optimal recruitment and/or retention of antigen-specific CD8~ T cells 
in the CNS during toxoplasmic encephalitis. To determine whether 
CXCL10 and chemokine signals also affect the migration of CD8* 
T cells once they enter the CNS, we used multi-photon imaging to track 
green fluorescent protein (GFP)-expressing OT-I T cells (OT-ISF?) in 
explant brain after short-term anti-CXCL10 treatment (Supplemen- 
tary Movies 1 and 2). In addition, chemokine signals were inhibited 
using pertussis toxin (PTX), an inhibitor of Go, signalling’ 
(Supplementary Movie 3). We imaged cells for 10-30 min because cells 
migrate out of the field of view during longer imaging periods, biasing 
our sample towards cells that are less motile. Analysis of the cell tracks 
(Fig. 2e-g) showed that anti-CXCL10 treatment reduced the average 
cell velocity by 23%, from 6.35 1m min‘ in control-treated mice to 
4.88 1m min | (Fig. 2h), whereas PTX reduced the track velocity by 
46% to 3.45 um min |. Plots of individual cell tracks demonstrate that 
cells cover less area over a 10-minute time span in the absence of 
CXCL10 or when treated with PTX (Fig. 2i-k). 

We performed a standard analysis to determine quantitatively how 
chemokines affect the migratory behaviour of CD8™ T cells by extract- 
ing the motility coefficient (Supplementary Fig. 2). This analysis impli- 
citly assumes a Brownian walk, as the motility coefficient is extracted 
from the slope of the best linear fit to the mean-squared displacement 
(m.s.d.), (rt), as a function of time, t (ref. 20). However, when we 
plot the m.s.d. ona log-log plot, it grows with time approximately as ¢”, 
with o ~ 1.4 (Fig. 3a). This finding suggests that the T-cell tracks are 
not Brownian walks. 
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PBS (control), 300 jig anti-CXCL10, or 8 .g PTX intraperitoneally (i.p.) were 
imaged in three dimensions over 10 min. e-g, Representative cells tracks from 
control (e), anti-CXCL10-treated (f), and PTX-treated (g) mice are shown. 
Scale bar, 100 tm. h, Volocity software was used to calculate the average track 
velocity (the average over all cells of the total displacement divided by the total 
observation time). Ctrl, control. i-k, Cell motility was visualized by plotting 
individual cell tracks from the origin from control (i), anti-CXCL10-treated 
(j) and PTX-treated (k) mice. ***P < 0.001 by one-way analysis of variance. 
Cell track data were obtained from three independent experiments with two 
mice per group. Control, 12 movies, n = 507 cells; anti-CXCL10, 10 movies, 
n = 280 cells; and PTX, 7 movies, n = 192 cells. 


To determine the type of random walk that best describes the migra- 
tion data, we focused not only on the behaviour of the m.s.d., but also 
on the shape of the tracks; the probability distribution P(r(t)) of cell 
displacements, r(f), as a function of the time interval, t; and the decay 
of normalized displacement correlations, (K(t,t)) = (r(0,t)-1(t,t + 0) / 
( r(0,0)), as a function of t, where r(t,t+¢) is the displacement 
between times t and t + t. Together, these properties provide a more 
complete description of the walk statistics than the m.s.d. alone, and 
therefore provide far more constraints that must be satisfied by a 
candidate random-walk model. First, by analysing statistics of the 
cell-trajectory shapes, we established that CD8* T cells do not exhibit 
directional migration on the time and length scales relevant to this 
experiment (see Supplementary Fig. 3 and Supplementary 
Discussion). To analyse the displacement distribution, we introduced 
a time-dependent variable, (tf), to scale the cell displacements. For 
Brownian walks, the distribution, P(p), of, scaled displacements, 
p(t) =r(t)/C(t), should be Gaussian, P(p) = e~?/?, and the scale 


factor, C(t), should be the root m.s.d. Genoa’: However, for the 
migrating CD8* T cells, the distribution P(p) is not Gaussian 
(Fig. 3b, inset); the probability of large displacements is much larger 
than expected at all times studied. Notably, P(p) has the same shape at 
all times, indicating that the tracks are also not well described by 
persistent random walks. Moreover, the scale factor obeys C(t) ~t’, 
with y= 0.63, and not y= 1/2, as expected for Brownian walks 
(Fig. 3c), and clearly differs from the r.m.s.d. (Supplementary Fig. 4) 
at all times studied. Finally, the displacement correlations do not decay 
exponentially in time, as for Brownian walks (Fig. 3c, inset). Thus, 
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Figure 3 | CD8* T-cell migration tracks are consistent with generalized 
Levy walks. a, We compare experimental data for cells in control (black 
circles), anti-CXCL10-treated (green squares), and PTX-treated (blue triangles) 
mice with results for the generalized Lévy walk model (solid lines). The m.s.d. 
grows nonlinearly in time, scaling approximately as ¢”, where « ~ 1.4 (dashed 
line). Inset shows linear plot of the m.s.d. Error bars denote s.e.m. b, The 
probability distributions, P(r(¢)), of T-cell displacements at several different 
times, f, for cells from control mice only. To avoid artefacts*’, histograms were 
constructed by placing 2,500, 2,000, 1,500, 1,300 or 600 displacements in each 
bin for t = 0.37 min, 1.1 min, 2.9 min, 4.8 min or 9.9 min, respectively. Inset 
shows that displacement probability distributions at different times collapse 
onto a single curve when the displacement is scaled by ¢(¢). For comparison, a 
scaled Gaussian distribution is shown (dashed line). c, ¢(t), used to rescale 
displacements in b increases approximately as a power law, t’, where y ~ 0.63. 
Inset shows that normalized displacement correlations, 

(K(c.t)) = ((0,t)-4(t,t + t)) /(1°(0,0)), for control cells decay more slowly 
than exponentially (dashed line) with time t. 
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Brownian walks do not describe effector T-cell migration during 
toxoplasmic encephalitis. 

On the basis of these walk statistics, we considered several variations 
of Lévy walks (see Supplementary Table 1, Supplementary Fig. 5 and 
Supplementary Discussion). We find that, consistent with early obser- 
vations of runs and pauses in lymphocytes*', T-cell migration is well 
described by the following model of a generalized Lévy walk”. Walkers 
make straight runs at fixed velocity in random directions over dis- 
tances chosen randomly from a Lévy distribution, L,(¢) ~~", with 
Hun = 2.15. After each run, a walker pauses for a duration of time that 
is drawn from a Lévy distribution with f4,ause = 1.7. The values of the 
exponents [run aNd [lpause Were determined from a maximum- 
likelihood analysis” (see Supplementary Discussion). The model 
captures quantitatively the observed displacement distributions at 
different times (Fig. 3b), the time evolution of the m.s.d. and scale factor 
(Fig. 3a and c, respectively), the decay of displacement correlations 
(Fig. 3c, inset), and qualitative features of cell tracks (Supplementary 
Fig. 6). An Akaike weight analysis”* indicates that the generalized Lévy 
walk model does a better job of fitting the displacement distributions 
than any of the other models we have considered, including, for 
example, bimodal correlated random walks” (see Supplementary 
Table 1, Supplementary Fig. 5 and Supplementary Discussion). The 
generalized Lévy walk model is consistent with our data over 30 min 
(Supplementary Fig. 7), and also describes the behaviour of polyclonal 
CD8* T cells, transgenic lymphocytic choriomeningitis virus-specific 
CD8* T cells migrating in the absence of cognate antigen, and CD8* 
T cells migrating in the brains of live animals (Supplementary Fig. 8). 

In the absence of CXCL10 or signals through Ga,-coupled receptors, 
the migration statistics for CD8* T cells are well described by the same 
generalized Lévy walk model, characterized by [yun = 2.15 and [pause = 1.7 
(Supplementary Figs 6 and 8), as for control cells, but with either a 
reduced instantaneous speed during runs or longer pauses. Therefore, 
the chemokine CXCL10 and signals through Go;-coupled receptors speed 
up migration without otherwise changing the walk statistics. This result, 
together with the fact that we find no evidence of directed migration over 
the timescales investigated (see Supplementary Discussion), suggests a 
chemokinetic role for CXKCL10 during toxoplasmic encephalitis. 

Previous studies have demonstrated that neutrophil or CD8* T-cell 
control of bacteria or tumour cells, respectively, can be understood by a 
rate equation in which the killing of targets is modelled as a collision- 
based process”*’”. We incorporated the generalized Lévy walk statistics 
into a similar model to predict the time required to find rare target cells. 
In our model, we placed N generalized Lévy walkers randomly in a 
sphere of volume V with a target of radius a at the origin (Sup- 
plementary Fig. 9a). We find that cells migrating by generalized Lévy 
walks are considerably more efficient in finding target cells than those 
performing Brownian walks (Fig. 4 and Supplementary Fig. 9b, c). 
Here, the efficiency is the inverse of the sum of the displacements of 
all the walkers at the instant when the first walker reaches the target”*. In 
the absence of CXCL10 or signals through Ga;-coupled receptors, our 
model predicts that for estimated values of a, V and N, the capture time 
for a CD8* T cell to reach the target is increased by factors of 1.9 or 3.0, 
respectively, in comparison to the control setting (see Supplementary 
Fig. 9d-f and Supplementary Discussion). These results suggest that 
the ability of CD8* T cells to find and control T. gondii-infected 
targets in the CNS is aided by a generalized Levy walk search strategy, 
and the capture time is shortened by CXCL10, and probably by other 
chemokines as well. We emphasize that the generalized Lévy walk is not 
necessarily an optimal search strategy, and a model with pun = 2.0 
would be more efficient according to this definition”®. Moreover, the 
efficiency is highly dependent on details of the environment and 
search/capture process” that are not presently known, so determina- 
tion of the optimal search strategy remains an open question. 

Lévy search strategies may be used by diverse species, including 
microzooplankton, fruitflies, honeybees, mussels, predatory fish, sea 
turtles, penguins and spider monkeys*”°. Our results show that a 
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walks. We determined efficiency, 7, for generalized Lévy walkers (black circles) 
and Brownian walkers (open red squares) as a function of the target radius, a. The 
generalized Lévy search is considerably more efficient, especially when the targets 
are small. Error bars denote s.e.m. Small inset shows an example trajectory for 
Brownian walks and the large inset shows the generalized Lévy walk model. 


generalization of this search strategy seems to be relevant, at the single- 
cell level, to the ability of effector cells to find rare targets. In addition, 
our findings provide a new insight into the role of CXCL10 as a 
chemokine that specifically influences the capture time for CD8* 
T cells to find infected targets during toxoplasmic encephalitis. 
Altogether, our findings raise several fundamental questions as to 
whether lymphocytes execute generalized Lévy walks in other environ- 
ments, how activation status affects walk statistics, and whether the 
pauses suggested by our model arise from factors internal to the cell or 
from interactions of the cells with their external environment. 


METHODS SUMMARY 


T. gondii infection was established by intraperitoneal injection of Pru°V*. rtPCR 
was performed for chemokine receptor expression and T. gondii DNA quantifica- 
tion. Brain mononuclear cells were stained with fluorescently conjugated antibodies 
for flow-cytometric analysis. OT-I cells were activated in vitro and transferred to 
recipient mice. Mice were treated with four doses of 100 jig anti-CXCL10 for week- 
long depletion studies or 300 jig 18 h before imaging studies. PTX was administered 
at 400 pg kg” ' 6 h before imaging. For multi-photon microscopy, explant brain was 
imaged using a Leica SP5 2-photon microscopy system. Cell tracking was performed 
using Volocity software. To create displacement histograms without binning 
artefacts” (Supplementary Tables 2 and 3), a constant number of displacements 
were placed in each bin. Various statistical methods were applied to test the validity 
of the generalized Lévy walk model (see Fig. 3, Supplementary Figs 3, 5, 7, 8, 10, 
Supplementary Table 1 and Supplementary Discussion). Brownian dynamics-like 
simulations were performed to simulate the general behaviour and searching 
capability of Gaussian (‘random’) and Lévy walkers (see Supplementary 
Discussion). N searchers were placed in a spherical volume of radius b, and they 
moved stochastically until finding the target of radius a, which was stationary at the 
centre of the sphere. During random walks, searchers moved 6DAt = 0.1 jum in the 
x-, y-, or z-direction each time step; here D is the motility coefficient and Atfis the time 
step. In Lévy walk simulations, a direction for a run was chosen at random, and run 
lengths were drawn from a Lévy distribution with exponent /i;y, = 2.15. Searchers 
moved a distance vAt each time step until the run was completed. After each run, the 
walker paused for a time drawn from Lévy distribution with pause = 1.7. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice, parasites and antibodies. C57BL/6, CXCL10-deficient, C57BL/6 Thy1.1, 
OT-I transgenic, and mice expressing DsRed under the actin promoter were 
purchased from The Jackson Laboratory. Mice expressing GFP in all T cells 
(TC) were originally obtained from U. von Andrian and crossed with OT-I mice. 
Cxcr3 ‘~ mice were originally obtained from C. Gerard and crossed to OT-I mice. 
DsRed P14-transgenic mice were a gift from S. Reiner. All procedures were per- 
formed in accordance to the guidelines of the University of Pennsylvania 
Institutional Animal Care and Use Committee. Pru’ parasites were generated 
and maintained as previously described?'**. Female mice were infected with 10* 
tachyzoites in 200 pl PBS ip. Hamster anti-CXCL10 antibodies (clone 1F11, 
generated as previously described’®) and normal hamster IgG (Jackson Immuno- 
research) were administered ip. in PBS. PTX (400ygkg ‘; Sigma) was 
administered i.p. for 6 h before imaging experiments. 

rtPCR. For the analysis of gene expression, brain tissue was placed in Trizol 
(Invitrogen) and mRNA was extracted as instructed by the manufacturer. 
Purified RNA was treated with DNase I to eliminate any contamination with 
genomic DNA (Promega). Complementary DNA was generated using 
Superscript II reverse transcriptase (Invitrogen). rtPCR was performed using 
Quantitect primers (Qiagen) specific for Ccr1, Ccr310, Cxcr1-6, Cxc3cr1, Xcr1, 
Cxcl9 and Cxcl10 or primers for Ccr2 (forward 5’-CACACCCTGTTT 
CGCTGTA-3’ and reverse 5'-TGCATGGCCTGGTCTAAGTG-3’) and were 
normalized to Hprt (Qiagen). To measure the amount of parasite DNA in the 
brain, rtPCR was used as previously described’. PCR was performed using Power 
SYBRr Green PCR Master Mix and a 7500 Fast Real-Time PCR System (Applied 
Biosystems). 

Flow cytometry. Single-cell suspensions were generated from spleen and lymph 
nodes by macerating the tissues through a 70-1m nylon mesh filter (BD Falcon). 
Spleen samples were subjected to hypotonic red blood cell lysis. Brain mononuclear 
cells were isolated as previously described*’. In brief, perfused brains were 
homogenized and digested with collagenase/dispase and DNase (Roche). After 
the digestion, the cells were purified using a percoll gradient. For flow cytometry, 
1 X 10°-2 X 10° cells were incubated with 0.1 1gml~' 24G2 antibody before 
surface staining with phycoerythrin (PE)-conjugated-K®-SIINFEKL tetramer 
reagent (Benton-Dickinson), CXCR3-APC (R&D Systems), Thy1.2-PECy7, 
CD4-FITC, CD8-PerCpCy5.5, CD8-eFlour780, CD45-APC and CD45.1- 
PerCpCy5.5 (eBioscience). All flow cytometry was performed on a FACsCanto 
using FACsDIVA 6.0 software (BD Biosciences). Analysis was performed using 
FloJo software (Treestar Inc). 

Ex vivo chemotaxis assay. Purified splenocytes and brain mononuclear cells were 
rested for 1h at in complete RPMI before the chemotaxis assay. Cells were resus- 
pended in chemotaxis assay medium (RPMI, 0.5% BSA, 25mM HEPES). Cells 
(2X 10°) were placed in the upper chamber of a 6.5-mm transwell insert with a 
5-[um pore-size membrane (Corning). CKCL9, CXCL10 or CXCL11 (R&D Systems) 
was present in the lower chamber at various concentrations (0-300 nM). After 
90 min, CD45" cells that migrated through the filter were enumerated using fluor- 
escent beads (Polysciences) and phenotyped by flow cytometry. 
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In vitro activation of T cells. OT-I cells were expanded from the spleen and 
lymph nodes of OT-I transgenic mice. Lymphocytes were cultured with 
500 ug ml! chicken ovalbumin protein (Worthington) for 24h. The cells were 
washed and rested for 2 days and received 200 U ml interleukin (IL)-2 on days 4 
and 6 of culture. On day 7 of culture, cells were washed in PBS and enumerated. 
A total of 2 10°-5X 10° cells were transferred intravenously (i.v.). For 
polyclonal expansion of T cells, CD8™ T cells were enriched from the lymph nodes 
and spleens of C57BL/6, DsRed, DsRed P14 or GFP OT-I mice by magnetic 
separation (Miltenyi Biotech). T cells were plated in the presence of platebound 
anti-CD3 (1 ug ml-!; eBioscience) and anti-CD28 (3 Lig ml-!; eBioscience), 
200 U ml! IL-2, and anti-IL-4 (1 ug ml 1. NCI Preclinical Repository). The cells 
were split and supplemented with 200 U ml’ IL-2 on day 2 of culture. On day 4 of 
culture, cells were washed and 10 X 10° T cells were transferred iv. 
Immunohistochemistry. For immunohistochemistry, organs were embedded in 
OCT and flash frozen. Anti-CD8 (5 pg ml '; eBioscience), anti-Me49 (gift from 
F. Araujo), anti-rabbit Alexa 488 (Invitrogen) and anti-rat Cy3 (Jackson 
Immunoresearch) were used for fluorescence staining. DAPI (Invitrogen) was 
used to visualize nuclei. Images were captured using standard fluorescence micro- 
scopy using a Nikon Eclipse E600 microscope (Melville) equipped with a 
Photometrics Cool Snap EZ CCD camera (Tucson). Nikon NIS Elements software 
was used to capture and overlay images. 

Multi-photon imaging. Mice were euthanized by CO) asphyxiation and the 
brains were removed immediately, with minimal mechanical disruption, and 
placed in heated chamber where specimens were constantly perfused with warmed 
(37 °C), oxygenated media (phenol-red free RPMI 1640 supplemented with 10% 
FBS; Gibco). The temperature in the imaging chamber was maintained at 37 °C 
using heating elements and monitored using a temperature-control probe. For the 
imaging of live mice, mice were anaesthetized and cells were imaged through 
thinned skull. The core temperature of the mice was monitored and maintained 
at 37 °C. Imaging was done using a Leica SP5 2-photon microscope system (Leica 
Microsystems) equipped with a picosecond or femtosecond laser (Coherent). GFP 
was excited using laser light of 920 nm. Images were obtained using a X20 water- 
dipping lens. Four-dimensional imaging data were collected by obtaining images 
from the x-, y-, and z-planes, with a z thickness of 28 jum and step size of 4 [um to 
allow for the capture of a complete z-series every 22s. This was carried out for 
approximately 10 min, which was the typical time elapsed before an appreciable 
number of cells had left the field of view. The resulting images were analysed with 
Volocity software to obtain individual cell track data (PerkinElmer). 
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PPAR-y is a major driver of the accumulation and 
phenotype of adipose tissue T,¢, cells 
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Obesity and type-2 diabetes have increased markedly over the past 
few decades, in parallel. One of the major links between these two 
disorders is chronic, low-grade inflammation’. Prolonged nutrient 
excess promotes the accumulation and activation of leukocytes in 
visceral adipose tissue (VAT) and ultimately other tissues, leading 
to metabolic abnormalities such as insulin resistance, type-2 dia- 
betes and fatty-liver disease. Although invasion of VAT by pro- 
inflammatory macrophages is considered to be a key event driving 
adipose-tissue inflammation and insulin resistance, little is known 
about the roles of other immune system cell types in these pro- 
cesses. A unique population of VAT-resident regulatory T (Tyg) 
cells was recently implicated in control of the inflammatory state of 
adipose tissue and, thereby, insulin sensitivity’. Here we identify 
peroxisome proliferator-activated receptor (PPAR)-y, the ‘master 
regulator’ of adipocyte differentiation, as a crucial molecular 
orchestrator of VAT Teg cell accumulation, phenotype and func- 
tion. Unexpectedly, PPAR-y expression by VAT Treg cells was 
necessary for complete restoration of insulin sensitivity in obese 
mice by the thiazolidinedione drug pioglitazone. These findings 
suggest a previously unknown cellular mechanism for this import- 
ant class of thiazolidinedione drugs, and provide proof-of- 
principle that discrete populations of T,., cells with unique func- 
tions can be precisely targeted to therapeutic ends. 

A unique population of Foxp3* CD4* Treg Cells was recently found 
in the VAT of normal individuals’, at a much higher fraction of the 
CD4* T-cell compartment than that usually observed in lymphoid or 
other non-lymphoid tissues. VAT Teg cells had a readily distinguishable 
phenotype from that of their counterparts in the spleen and lymph 
nodes, including a distinct gene expression profile, T-cell receptor 
repertoire, and pattern of chemokine and chemokine receptor expres- 
sion. Adipose tissue inflammation and both local and systemic 
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Figure 1 | Transcripts directly or inversely correlated with Pparg expression 
in VAT Tyg cells. a, Microarray analysis. Normalized expression values for 
transcripts isolated from T,.g cells from epididymal fat versus lymph node (LN) 
of 30-week-old retired-breeder B6 males (in triplicate). b, Expression of Pparg in 
a library of microarray data sets from diverse T-cell populations: different 


VAT Treg cells 


metabolic indices were improved or worsened by global enrichment 
or impoverishment, respectively, of Treg cells?“*. However, a lack of 
appropriate reagents has so far precluded an assessment of the precise 
role of fat-resident Tyeg cells. 

The molecules that orchestrate the distinctive properties of VAT 
Treg cells are unknown. Comparing the gene expression profiles of 
mouse visceral fat and lymphoid organ T;eg cells, we were struck by 
the increased level of transcripts encoding the nuclear receptor PPAR- 
y in the former (Fig. la and Supplementary Fig. 1a). The specificity of 
this increase was highlighted by a comparison of Pparg transcript levels 
across a large library of microarray data sets (more than 350) encom- 
passing T cells of diverse subsets, activation statuses and localizations 
(Fig. 1b). Because of the crucial role of PPAR-y in adipocyte differ- 
entiation, as well as its anti-inflammatory activities’, we speculated 
that its expression in VAT Tyeg cells might be responsible for at least 
some of their unique features. 

To identify genes that were positively or negatively correlated with 
Pparg expression, we performed a clustering analysis across transcript 
profiles obtained from VAT and lymph node Treg cells of mice differ- 
ing in their metabolic state: either lean (C57B1/6 (B6) animals of vari- 
ous ages kept on normal chow) or obese (B6.Lep?”? (ob/ob) animals 
of varying age on normal chow or B6 animals on a high-fat diet (HFD)) 
(Supplementary Fig. 1b, c). The set of loci whose expression was co- or 
anti-correlated with Pparg transcript levels encompassed the majority 
of those most strongly up- (red) or down- (blue) regulated, respect- 
ively, in visceral fat versus lymphoid tissue Tyeg cells” (Fig. 1c). The co- 
clustered transcripts included many that encode chemokines or 
chemokine receptors involved in leukocyte migration and extravasa- 
tion (for example, Ccr1, Ccr3, Cxcr6, Cxcl2 and Cxcl3), several encod- 
ing molecules involved in lipid metabolism (Pcytla and Dgat1), and 
7110 transcripts. 
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subsets, activation statuses or locations. AU, arbitrary units. c, A volcano plot 
comparing gene expression in VAT and lymph node T,¢g cells of normal-chow- 
fed B6 mice. The Pparg co- and anti-cluster transcripts defined in Supplementary 
Fig. 1b are superimposed in red and blue, respectively. Some of the characteristic 
VAT Treg genes are indicated. P values are from a chi-squared test. 
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We directly evaluated the role of PPAR-y in specifying the VAT Treg 
cell phenotype by retrovirally transducing Foxp3 alone or together 
with Pparg into naive CD4” T cells activated in vitro with anti- 
CD3/CD28-coated beads (neither transcription factor being expressed 
at detectable levels in the host CD4* T cells). Two isoforms of PPAR- 
have been described, referred to as PPAR-y1l and PPAR-y2 (ref. 5); 
although adipocytes are known to express both of them, the isoform(s) 
made by T lymphocytes is not well characterized. Feature-level ana- 
lysis of Pparg transcripts, exploiting our existing Affymetrix ST 1.0 
microarray data, showed that messenger RNAs corresponding to both 
PPAR-y1 and PPAR-y2 were expressed by VAT Treg cells, with pre- 
dominance of the former (Supplementary Fig. 2a), whereas the low- 
level transcripts made by the other T-cell populations primarily 
encoded PPAR-y2 (not shown). Therefore, we evaluated the ability 
of each isoform to cooperate with Foxp3 to promote the VAT Tyg cell 
gene expression signature. Most transcripts are distributed in a grey 
cloud along the diagonal in the fold-change/fold-change (FC/FC) plot 
of Fig. 2a, showing that Pparg1 and Pparg2 induced the expression of a 
similar set of genes when co-transduced with Foxp3; the slight tilt 
towards the x-axis indicates that Ppargl transduction was slightly 
more potent. Each isoform promoted expression of the above- 
discussed Pparg co-cluster (red cloud along the diagonal), although 
only Pparg! repressed expression of the bulk of the Pparg anti-cluster 
(blue cloud along the x-axis). Similarly, as illustrated most clearly by 
the Pparg plus Foxp3 versus Foxp3 alone ‘volcano plots’ (Fig. 2b, c), 
each PPAR-y isoform could collaborate with Foxp3 to upregulate a 
substantial fraction of the genes characteristic of the VAT Tyeg cell up- 
signature (pink, skewed to the right in Fig. 2b, c). However, the cor- 
responding down-signature was partially recapitulated only after 
Ppargl plus Foxp3 transduction (green, skewed to the left in Fig. 2c 
but not in Fig. 2d). 

Because adequate PPAR-y ligand might not be available in this 
in vitro context, we explored the effect of adding a synthetic agonist, 
the thiazolidinedione (TZD) drug pioglitazone (Pio). Twenty-four 
hours after retroviral infection, double (Ppargl plus Foxp3, or 
Pparg2 plus Foxp3) or single (Foxp3 alone) transductants were treated 
with Pio for 48 h. The most notable effect of this agonist, whether in the 
context of Pparg1 or Pparg2, was the augmentation of a set of ‘lipid 
metabolism’ genes, some of which were reported to be differentially 
expressed in VAT versus lymph node Tyeg cells in a previous ex vivo 
microarray analysis’. This influence was most obvious on FC/FC plots 
(Fig. 2d, e), which isolate the effect of Pio in the context of each isoform 
(as aligned towards the x-axis). Upregulated genes involved in lipid 
metabolism included those coding for fatty-acid transporters (Cd36 
and Slc27a2), enzymes involved in fatty-acid synthesis (Lipe and Scd1), 
an enzyme essential for fatty-acid oxidation (Cptla), an enzyme 
responsible for the synthesis of triglycerides (Dgat1), and a lipid- 
droplet-associated protein (Plin2). Similar results were obtained with 
rosiglitazone, another TZD drug, or with GW1929, a potent non-TZD 
PPAR-y agonist (Supplementary Fig. 2b, c; note change in axis labels 
compared with Fig. 2d, e). The fact that PPAR-y could cooperate with 
Foxp3 to impose a VAT T,eg cell phenotype on naive CD4* T cells 
raised the question of whether the two transcription factors interact in 
some way. Indeed, both PPAR-y isoforms were co-immunoprecipitated 
with Foxp3 in transduced HEK293 cells, arguing that they have the 
potential to interact, either directly or within a shared complex 
(Fig. 2f). (Unfortunately, we could not obtain adequate material from 
ex vivo T cells to perform an analogous experiment.) 

To assess the importance of PPAR-y for the VAT T,., phenotype 
in vivo, we abrogated its expression specifically in Teg cells by crossing 
a mouse line carrying ‘floxed’ Pparg with a line expressing the Cre 
recombinase under the dictates of Foxp3 promoter/enhancer elements. 
The T,g cell specificity of Cre expression in such mice has been validated 
in several contexts. At 25 weeks, the resulting mutants had lower frac- 
tions and numbers of VAT Tyeg cells than their Pparg wild-type 
littermates (carrying the Foxp3-Cre transgene); by contrast, the 
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Figure 2 | Cooperation between PPAR-y and Foxp3. Naive CD4* CD25. T 
cells were stimulated ex vivo and transduced with retroviruses encoding Foxp3 
(MSCV IRES-GFP) plus Ppargl or Pparg2 (both MSCV IRES-Thy1.1). Cells 
were sorted for green fluorescent protein (GFP) and/or Thy1.1 positivity before 
RNA processing. a, An FC/FC plot comparing gene expression values for 
double transductants (Pparg1 plus Foxp3) versus single transductants (Foxp3 
alone) (x-axis), and parallel double transductants (Pparg2 plus Foxp3) versus 
single transductants (Foxp3 alone) (y-axis). Pparg co- and anti-cluster genes are 
superimposed in red and blue, respectively. b, c, Genes from the VAT Treg cell 
up- and down-signature highlighted in pink and green, respectively, on a 
volcano plot comparing P value versus fold-change for probes from double 
transductants (Foxp3 and Pparg1, c; Foxp3 and Pparg2, d) versus single 
transductants (Foxp3 alone). The VAT Tyeg cell up- and down-signatures were 
defined in Methods. P values from a chi-squared test. d, e, Twenty-four hours 
after transduction of naive CD4” T cells, cultures were treated with Pio (1 pM) 
for 48h. FC/FC plots comparing gene expression values of Pio-treated versus 
vehicle-treated double transductants (Pparg! plus Foxp3, d; Pparg2 plus Foxp3, 
e) (x-axis), and equivalent Pio-treated versus vehicle-treated single 
transductants (Foxp3 alone) (y-axis). Some genes involved in lipid metabolism 
are indicated. Mean expression values calculated from three independent 
experiments. f, The association of Foxp3 with PPAR-y was determined by co- 
immunoprecipitation. An anti-PPAR-y1+2 antibody was used to 
immunoprecipitate (IP) PPAR-y1 and PPAR-y2 from nuclear lysates of 
HEK293 cells co-transduced with Foxp3 and Pparg1 or Pparg2. Immunoblots 
were probed with anti-Foxp3. 


representation of T,., cells in the lymphoid organs of mutants was 
normal (Fig. 3a). Although VAT Tyeg cells in wild-type mice increased 
>2.5-fold between 15 and 25 weeks to eventually constitute more than 
40% of the CD4* T cell compartment, this subset remained below 
~10% in the mutant mice (Supplementary Fig. 3a). The Tyeg cells 
remaining in the VAT (but not those in the spleen) of mutants had a 
lower mean fluorescence intensity (MFI) of Foxp3 expression than that 
of their wild-type counterparts (Supplementary Fig. 3b). A volcano 
plot comparing gene expression in VAT Tyeg cells from Pparg wild- 
type and mutant mice showed the VAT T,g cell up-signature (pink, 
skewed to the right) to be underrepresented in mutant T cells, whereas, 
conversely, the down-signature (green, skewed to the left) was over- 
represented (Fig. 3b). VAT and lymphoid organ T,g cells were much 
more similar in the Pparg mutant than in the wild-type mice 
(Supplementary Fig. 3c); this difference reflected alterations at the level 


©2012 Macmillan Publishers Limited. All rights reserved 


LETTER 


2 b 
Treg” 
Pparg WT  Pparg mut 
7A7 VAT Treg Spleen Treg = VAT Treg Spleen Treg 460 
KKK = al 3 
— 50 ~ 5 52 
VAT & ° x ist 
% 40) © a4 rl 4Q 9 
Tt oe a -—i Oo 5S 
2 30} % AS, 3 3l s NS [38 8 
Ss e a be a g a 5 
© 20 . ax ao G2 oe ‘ 2¢ 10 
Spl @ 10 ° ot] age = MMA LS 
leen eats = 
sage 5 all 7 ‘ — 107) p=6.3x 10-17 P=4x107 
2 0+—_—__+# ; ; 2° 0-— 1 1 1 3 ne — an 
6] tee Sy * Ny Ry : 
uw 5 < 5 < 5 € 5 & Tieg-Pparg WT vs T,,,-Pparg mut 
CD25 (gated on CD3*CD4*) go os? S92 X 3 
PF EW MQ Qe QP VF QP : 
KO K® KO KO e VAT T,.g up-signature 


Figure 3 | In vivo effects of abrogating PPAR-y expression specifically in 
Treg cells. a, T,eg cell representation. Cells were isolated from the spleen or 
stromovascular fraction (SVF) of epididymal fat (epi-fat) of 25-week-old mice 
lacking PPAR-y specifically in Teg cells (T-eg-Pparg mut) or littermate controls. 
Treg Cells are defined as CD45* CD3* CD4* Foxp3”. Left, representative dot 
plots (of at least three experiments); centre, summary data (for fraction of 


CD4" cells); right, cell numbers per g of tissue. Dot plot numbers indicate the 


of VAT Tyeg cells, as the absence of PPAR-y expression in lymph node 
Treg cells had little impact (Supplementary Fig. 3d). This observation 
was confirmed at the protein level (Supplementary Fig. 4): downregu- 
lation of CCR2, GATA3, KLRG1 and CD69 in mutant versus wild-type 
VAT Treg cells to resemble the lower levels in lymphoid tissue T,.g cells; 
upregulation of CD103 and CD86 in mutant VAT Treg cells to 
approach the higher levels in lymphoid T,., cells. Thus, PPAR-y is 
an important factor controlling the accumulation and phenotype of 
Treg Cells residing in adipose tissue. 

How the loss of PPAR-y influences the turnover of Teg cells residing 
in VAT is unclear. Addressing this issue was more complex than 
simply comparing the half-life of VAT Tyeg cells in wild-type and 
mutant mice because the residual T,., cells in the latter animals are 
likely to be atypical ‘survivors’ and/or recruits from the lymphoid Teg 
cell pool exploiting a niche empty of the usual competitors. So we 
performed an acute assay, monitoring T,., cell populations in wild- 
type mice over a few days of treatment with the irreversible PPAR-y 
inhibitor GW9662 (Supplementary Fig. 5a). There were no significant 
differences in the VAT or spleen T,. cell fraction or numbers in the 
drug- versus vehicle-treated animals (Supplementary Fig. 5b, c). 
However, there was a progressive decline in the fraction of GATA3* 
Tyeg cells in VAT (but not in spleen), and a parallel decrease in the 
GATA3 MFI (Supplementary Fig. 5d, e). The GATA3 transcription 
factor is highly overrepresented in VAT versus lymphoid tissue Tyg 
cells, and is downregulated in the absence of PPAR-y (Supplementary 
Fig. 4). Altogether, our data indicate that PPAR-y may control both the 
establishment and the maintenance of the VAT Tyg cell phenotype. 

Secondarily, the mutant mice had fractional and numerical 
increases in some, but not all, adipose tissue monocyte/macrophage 
subsets: pro-inflammatory CD11b" CD11c* F4/80* macrophages 
(Supplementary Fig. 6a, c) and pro-inflammatory CD11b* Ly6c™ 
monocytes (left panels in Supplementary Fig. 6b, d), but not 
CD11b* Ly6c'” monocytes (right panels in Supplementary Fig. 6b, 
d), considered to be anti-inflammatory. There were no changes in the 
fractions or numbers of CD8* T or B cells in VAT of mutant mice 
(Supplementary Fig. 6e-h). 

Pio is a well-known insulin-sensitizing agent that improves meta- 
bolic indices in obese mice and humans. Given its ability to enhance 
the unique fat T,., cell signature in cultured cells (Fig. 2d, e), we 
wondered how this drug might affect VAT Teg cells in obese (HFD- 
fed) mice. There was an impressive enrichment of the fraction and 
number of T,.g cells in epididymal adipose tissue of animals treated 
with Pio (Fig. 4a and Supplementary Fig. 7a); this effect was specific, 


e@ VAT Treg down-signature 


percentage of cells in that gate for that particular experiment. *P < 0.05; 
***P < 0.001 (Student’s t-test); NS, not significant; WT, wild type. The mean 
values are shown. b, Expression of VAT T,<g cell signature genes in mutant mice 
(Treg-Pparg mut). A volcano plot comparing P value versus fold-change for 
probes from wild-type versus mutant VAT T,<g cells. Genes from the VAT Tyeg 
up- and down-signature are highlighted in pink and green, respectively. P 
values from a chi-squared test. 


and not seen in the spleen, subcutaneous fat, perirenal fat or liver 
(Fig. 4a and Supplementary Fig. 7b). There were also marked pheno- 
typic changes in the epididymal fat Tg cell population of Pio-treated 
and equivalent untreated obese mice: an overall shift of the gene 
expression profile towards that typical of VAT Tyeg cells (Fig. 4b); an 
increase in the Foxp3 MFI (Supplementary Fig. 7c); a PPAR-y- 
dependent enrichment of cells expressing GATA3 (Supplementary 
Fig. 7d); and enhanced cell-surface display of the lipid scavenger 
CD36 (Fig. 4c). As PPAR-y ligands are known to stimulate oxidized 
low-density lipoprotein uptake by augmenting levels of CD36 on the 
surface of macrophages’, we stained Treg cells with Nile red, a dye that 
selectively binds to intracellular lipid droplets. VAT, but not spleen, 
Treg Cells readily took up lipids, especially in response to Pio (Fig. 4d). 
This process was PPAR-y-dependent as the Pio-induced increase in 
CD36 expression and Nile red staining were both greatly dampened in 
Pparg mutant mice (Supplementary Fig. 7e, f). Thus, Pio accentuates 
the accumulation and phenotype of fat Treg cells in epididymal fat 
depots of obese mice. 

The marked increase in the representation of and alterations in the 
phenotype of VAT T,.g cells provoked by Pio treatment of obese mice 
raised the question of whether this population contributes to the 
insulin-sensitizing effect of Pio. In analogy to the human context, we 
compared immunological and metabolic parameters in obese (HFD- 
fed) Pparg wild-type and mutant mice as a function of Pio co- 
treatment. As anticipated, the VAT Tyg cell population of wild-type 
animals fed a HFD was quite low, and it increased substantially when 
Pio was included in the diet (Fig. 4e). Also as expected, the representa- 
tion of VAT Tyg cells in mutant animals on a HFD was similar to that 
of their wild-type counterparts: a HFD in and of itself results in death 
and/or evacuation of typical VAT Tyeg cells, so abrogation of PPAR-y 
expression in this context has no further effect. Pio could not expand 
VAT Treg cells in the mutant (Fig. 4e). Pio had differential effects on 
conventional adipose tissue monocyte/macrophage populations in 
HFD-fed mutant mice: pro-inflammatory macrophages (CD11b* 
CD11c* F4/80*) were diminished, although not to the degree seen 
in wild-type littermates (Supplementary Fig. 8a); by contrast, pro- 
inflammatory monocytes (CD11b* Ly6c™) did not undergo their 
usual reduction (Supplementary Fig. 8b, left); whereas anti-inflammat- 
ory monocytes (CD11b* Ly6c°”) uncharacteristically declined 
(Supplementary Fig. 8b, right). Pio treatment of obese mutant mice 
was less effective than the treatment of their wild-type counterparts at 
normalizing systemic metabolic parameters: homeostatic model 
assessment of insulin resistance (Fig. 4f), glucose and insulin tolerance 
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Figure 4 | Pio promotion of epididymal fat T,.g cell numbers and 
phenotype. At 9 weeks of age, wild-type and mutant Pparg mice (T,e,-Pparg 
mut) were fed a HED with or without Pio for 13 weeks. Cells from the spleen 
and epididymal fat SVF were stained and analysed by flow cytometry. Numbers 
on dot plots indicate the percentage of cells in that gate for that particular 
experiment (representative ofat least three experiments). a, Teg cells from 
Pparg wild-type mice on a HFD with or without Pio. Left, representative dot 
plots; right, summary data. b, Expression of VAT T,eg cell signature genes in 
Pparg wild-type mice on a HFD with or without Pio. Volcano plot compares P 
value versus fold-change for probes from VAT Tyeg cells isolated from Pparg 
wild-type mice on a HFD plus Pio versus a HFD alone. Genes from the VAT 
Treg up- and down-signature are highlighted in pink and green, respectively. P 
values from a chi-squared test. c, MFI of CD36 expression by T,eg cells. AMFI 
indicates, for gated CD3* CD4* Foxp3* cells, the difference in CD36 


(Fig. 4g and Supplementary Fig. 8c), and phosphorylated (p)AKT 
levels in multiple organs (Supplementary Fig. 8d). At least some of 
the muted metabolic response to Pio reflected events in VAT, 
evidenced by the lack of normalization of pAKT values at that site. 
The Pio treatment clearly worked, however, as we observed in both 
wild-type and mutant drug-treated HFD-fed mice the expected 
increase in epididymal fat-pad weight (Supplementary Fig. 9a), 
although not in total body weight (not shown); a coupled decrease 
in adipocyte numbers and an increase in adipocyte size (Supplemen- 
tary Fig. 9b, c); and increased levels of serum adiponectin and Adipog 
transcripts (Supplementary Fig. 9d). Leptin (Lep) transcript levels were 
unchanged in both wild-type and HFD-fed individuals (Supplemen- 
tary Fig. 9e), as anticipated’. 

The main conclusion from our results is that PPAR-y is a major 
orchestrator of the unique properties of VAT Teg cells. This nuclear 
receptor collaborates with Foxp3 to impose on naive CD4" T cells the 
transcriptional profile characteristic of VAT T,eg cells. Interestingly, 
both PPAR-y isoforms can promote the fat T,eg up-signature in con- 
junction with Foxp3, but only isoform 1 drives the down-signature. 
This constitutes a rare dysjunction in the activities of the two PPAR-y 
isoforms, which differ by only an extra 30 amino acids at the amino 
terminus of PPAR-y2. Experimental manipulation of PPAR-y specif- 
ically in Foxp3™ cells had a clear and precise impact on the accumula- 
tion and phenotype of Teg cells in epididymal fat depots. A newly 
discovered property was that VAT, but not lymphoid tissue, Teg cells 
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expression for HFD-fed mice with or without Pio treatment. Epi-fat 

AMFI = 3,828 + 1,362 (*P = 0.039); spleen AMFI = —182 + 597 (NS). 

d, Cells were isolated from the spleen or epi-fat SVF of B6. Foxp3-(YFP-)Cre 
mice kept on a HFD with or without Pio for 13 weeks, and stained for CD3, 
CD4 and Nile red. YFP, yellow fluorescent protein. *P = 0.01. e, Treg cell 
fraction. Cells from spleen or epi-fat SVF were stained and analysed by flow 
cytometry. f, Insulin sensitivity. Mice were assessed for blood fasting-glucose 
and fasting-insulin levels. These values were used to calculate the homeostatic 
model assessment of insulin resistance (HOMA-IR). g, Glucose tolerance. Left, 
intraperitoneal glucose tolerance test (GIT) on wild-type mice. Centre, GTT 
on mutant mice. Right, area under the curve (AUC) calculations. n = 13-14 
mice per group. *P < 0.05, ***P < 0.001 (Student’s t-test). Error bars denote 
mean + s.d. for immunological parameters, mean + s.e.m. for metabolic 
parameters, as is standard practice in the respective fields. 


can take up lipids, an intriguing adaptation to the tissular environ- 
ment, not shared by conventional T cells residing at the same site. It 
remains to be determined whether this feature promotes Tyeg cell 
survival or effector functions, or whether it is an epiphenomenon. 

Our data also indicate that PPAR-y expressed by T;eg cells contri- 
butes substantially to the insulin-sensitizing activity of Pio. It was 
initially assumed, given the role of this transcription factor in fat-cell 
differentiation, that TZD drugs improve metabolic parameters in 
obese individuals by activating PPAR-y in adipocytes. Although this 
notion has received experimental support®, other studies have argued 
for the importance of PPAR-Y expression in macrophages””®, muscle" 
and the central nervous system’*”’. On first consideration, it seems 
difficult to explain the need for PPAR-y across such a broad range of 
cell types, but several points should be kept in mind. First, TZD drugs 
may affect several processes upstream of insulin resistance, for 
example, ingestive behaviour, adipocity and inflammation; PPAR-y- 
driven programs in different cell types may influence these processes 
differentially. Second, abrogating PPAR-y expression in different cell 
types seems to have organ-specific effects on insulin resistance’. 
And third, there is increasing appreciation that the gene promoters 
used to generate transgenic mouse lines with cell-type-specific ablation 
of PPAR-y can be ‘leaky’. Delineating the cell type(s) crucial for the 
protective effect of Pio on metabolic disorders is imperative given 
current concerns over the side effects of the TZD class of compounds 
and the resultant search for alternative drugs”. 


©2012 Macmillan Publishers Limited. All rights reserved 


Lastly, our results provide proof-of-principle that it is possible to 
target a designated population of Teg cells for a particular therapeutic 
goal. The emerging notion that the Foxp3" CD4* Treg cell com- 
partment includes several subtypes with distinct phenotypes, localiza- 
tions and effector functions'’* has evoked the exciting possibility of 
developing strategies to expand or contract disease-relevant T,2g cells, 
leaving the bulk of the compartment intact to maintain immune 
homeostasis. 


METHODS SUMMARY 


Source and maintenance of mice are described in Methods. Experimentals and 
controls were always littermate-matched males (for example, Pparg’" ne 
FoxP3*'?-C® and Pparg™'-FoxP3*'? “*), HFD and normal-chow animals were 
fed a diet containing 60 kcal% and 10 kcal% fat, respectively. Mice on a HED plus 
Pio were fed Pio at 100 mg per kg of food. Metabolic studies were performed on 
mice fed a HFD with or without Pio for 12 weeks. For GTTs, glucose (2.0 g per kg 
body weight) was administered by intraperitoneal (i.p.) injection after an over- 
night fast. For insulin tolerance tests, insulin (0.75 U) was administered by i-p. 
injection after 4h of fasting. 

CD4* CD25~ T cells were activated for 48 h with anti-CD3/CD28 antibody- 
coated beads plus recombinant human IL-2 before retroviral transduction and 
cultured for 72h after transduction. In selected experiments, 24h after infection, 
transduced cells were treated with 11M Pio, rosiglitazone or GW1929, or with 
vehicle (dimethylsulphoxide) for 48 h before sorting. For T-cell analysis, cells were 
stained with anti-CD45, -CD3, -CD4, -CD8, -CD25 and sometimes anti-CD36, 
fixed, permeabilized and intracellularly stained for Foxp3 and GATA3. For 
intracellular lipids, cells were stained with anti-CD3, anti-CD4 and Nile red 
(1 pg ml~'). RNA from double-sorted cells was prepared for microarray analysis’, 
and hybridized to GeneChip Mouse Genome M1.0 ST arrays (Affymetrix). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. Male B6, B6.Lep?” ob B6.Foxp3** P-Cre (ref. 16) and B6.Pparg-flox (ref. 17) 
mice were bred in our specific pathogen-free facilities at Harvard Medical School 
or the Joslin Diabetes Center, or were purchased from the Jackson Laboratory. 
Mutant Pparg Tyeg cell mice (T,eg-Pparg mut) were generated by crossing 
B6.Foxp3**? “® and B6.Pparg-flox mice. HED animals were fed a diet of 60 kcal% 
fat from Research Diets. Normal chow control animals were fed a diet containing 
10 kcal% fat from the same vendor. Mice on a HED plus Pio were fed Pio (Actos, 
Takeda) at 100mg per kg of food. Experimentals and controls were always 
littermate-matched males (Pparg!" -FoxP3‘*?’C* and Pparg™ -FoxP3"'), 
Metabolic studies. In designated experiments, mice were fed a HFD with or 
without Pio from 9 to 22 weeks of age. Metabolic studies were performed at 4, 8 
and 12 weeks of feeding; at each time point, mice were fasted for 14h overnight, 
weighed and then tested for fasting blood glucose and insulin concentrations (by 
ELISA). At the last time point (12-13 weeks of feeding), we also measured serum 
adiponectin (by ELISA) and performed GTTs, insulin tolerance tests (ITTs) and 
insulin signalling pathway analysis. For GTTs, glucose (2.0 g per kg body weight) 
was administered by intraperitoneal (i.p.) injection after an overnight fast. Blood 
glucose levels were measured before and 15, 30, 60, 120 and 240 min after glucose 
injection. For ITTs, insulin (0.75 U, Humulin R, Lilly) was administered by ip. 
injection after 4h of fasting. Blood glucose levels were measured before and 20, 40, 
60, 80, 100 and 120 min after insulin injection. For insulin signalling pathway 
analysis, overnight-fasted mice were anaesthetized, injected through the inferior 
vena cava with 5 U insulin (Humulin R, Lilly) or PBS, and were euthanized after 
5 min. Collected epi-fat, liver and muscle were stored until use in liquid N2, 
homogenized with a Polytron for 30s in lysis buffer (30mM HEPES, 
150mM NaCl, 1mM phenylmethylsulfonyl fluoride, 31M aprotinin, 101M 
leupeptin, 511M pepstatin A, 25mM benzamidine, 25mM sodium vanadate, 
5mM _ glycerol phosphate, 100mM NaF, 1.0mM ammonium molybdate, 
30mM tetrasodium pyrophosphate, 5mM EGTA, 10% glycerol, 1% Triton 
X-100 and 0.5% sodium deoxycholate, pH 7.4). Total tissue protein was assayed 
by western blotting for pAKT (anti-Ser 473, Cell Signaling) and AKT (Cell 
Signaling). All ELISA measurements were performed by the Joslin Diabetes 
Center’s Specialized Assay Core. 

Isolation of T and myeloid cells. Epididymal, subcutaneous or perirenal adipose 
tissue, and liver were excised after flushing the organs through the portal vein and 
the heart ventricle, cut into small pieces (or passed through a sieve in the case of the 
liver), and digested for 20 min with collagenase type II (Sigma). Cell suspensions 
were then filtered through a sieve, and the SVF fraction was collected after cent- 
rifugation at 450g for 10 min. For T-cell analysis, cells were stained with anti-CD45 
(clone 30-F11), -CD3 (145-2C11), -CD4 (GK1.5), -CD8 (5H10) and -CD25 
(PC61) antibodies (from BioLegend) (and with anti-CD36 for some experiments); 
and were fixed, permeabilized and intracellularly stained for Foxp3 (FJK-16s) and 
GATA3 (TWA)J) according to the manufacturer’s instructions (eBiosciences). For 
myeloid cell analysis, cells were stained with anti-CD45, -TCR-B (H57—597), 
-CD11b (M1/70), -CD11c (N418), F4/80 (CI:A3-1), and anti-Ly6c (HK1.4) from 
BioLegend. B cells were stained with anti-CD45, -CD3 and -CD19 (6D5). For 
intracellular lipids, cells were stained with anti-CD3, -CD4 and Nile red (Enzo 
Life Sciences) (1 1g ml '). Cells were double-sorted using the Moflo, or analysed 
using an LSRII instrument (BD Bioscience) and FlowJo software. 

Histology. Epi-fat was excised and fixed in 10% buffered formalin. Sectioning and 
haematoxylin/eosin staining were performed by the Joslin Diabetes Center’s 
Histology Core. 

Retroviral transduction of CD4* T cells. Cells were collected from spleens and 
lymph nodes of 6-8-week-old B6 mice. After mechanical dissociation and red 
blood cell lysis, remaining cells were labelled with phycoerythrin-conjugated anti- 
CD11b, -CD11c, -B220 (RA3-6B2), -CD19 (6D5), -CD8, -CD25 and -NK1.1 
(PK136), and were selected by MACS column purification. The negative fraction 
was collected and tested for purity by flow cytometry (~97%). CD4* CD25” T 
cells were then activated with anti-CD3/CD28 antibody-coated beads (Invitrogen) 
at concentrations of one bead per cell in the presence of 20 U ml recombinant 
human IL-2 (Proleukin; Chiron). T cells were cultured for 48 h before retroviral 
transduction. Viruses were prepared by transfecting platE cells’® with retroviral 
expression plasmids (MSCV IRES-GFP (pMIG2) and IRES-Thy1.1 (pMIT2))””, 
encoding Foxp3 (GFP), Ppargl (Thy1.1) or Pparg2 (Thy1.1), and the packaging 
construct pcl-ECO”° using TransIT-293 (Mirus), according to the manufacturer’s 


instructions. Naive CD4* T cells were infected with retroviral supernatants at 
48 h, and were subsequently cultured for a further 72 h. Singly (Foxp3) or doubly 
(Foxp3 plus Pparg1 or Pparg2) transduced cells were double-sorted as (CD11b~ 
CD11lc” B220° CD8~) CD3* CD4* GFP* (and/or Thy1.1*) by Moflo for RNA 
processing and microarray analysis. In selected experiments, 24h after cell infec- 
tion, single and double transductants were treated with 11M Pio (Enzo Life 
Sciences), rosiglitazone (Enzo Life Sciences) or GW1929 (Enzo Life Sciences)*’, 
or with vehicle (dimethylsulphoxide) for 48h before sorting. pMIT2 vector was 
generated by swapping the GFP reporter gene of pMIG2 with Thy1.1. Pparg! and 
Pparg2 complementary DNAs were purchased from Addgene (plasmid 8886 and 
8862, respectively) and were cloned into the pMIT2 vector. 

Microarray analysis. Lymph node and VAT CD3* CD4* cp25" (Treg cells) or 
CD3*CD4*CD25~ (conventional T cells (Tony) cells were double-sorted from 
B6, B6.Lep*””, Pparg wild-type and mutant mice. From the retroviral transduc- 
tion experiment, CD3+ CD4* GEP* (that is, Foxp3*) single-transduced cells or 
CD3* CD4* GEP* Thy1.1* (that is, expressing Foxp3 and PPAR-y1 or PPAR- 
2) double-transduced cells, treated with Pio or vehicle, were double-sorted. RNA 
was extracted with trizol and amplified for two rounds using the MessageAmp 
aRNA kit (Ambion), followed by biotin labelling using the BioArray High Yield 
RNA Transcription Labeling Kit (Enzo Diagnostics), and was purified using the 
RNeasy Mini Kit (Qiagen). The resulting complementary RNAs (three independ- 
ent datasets for each sample type) were hybridized to GeneChip Mouse Genome 
M1.0ST chip arrays (Affymetrix) according to the manufacturer’s protocol. Initial 
reads were processed through Affymetrix software to obtain raw .cel files. 
Microarray data were background-corrected and normalized using the robust 
multi-array average (RMA) algorithm implemented in the GenePattern software 
package”’, and replicates were averaged. The VAT Treg cell-specific gene set 
included loci specifically over- or underexpressed in epi-fat T,eg cells, and was 
generated by including genes that were over- or underexpressed by twofold or 
more in VAT Tyeg cells versus VAT Tony cells, lymph node Teony and lymph node 
Treg cells. k-means clustering was performed on the T;eg cell profiles from VAT 
and lymph nodes of B6 mice (on normal chow or HFD) or B6.Lep mice of 
different ages to identify the Pparg co-cluster and anti-cluster. Interpretation of 
results as well as our extensive library of diverse T cells microarray datasets 
benefited from data assembled by the ImmGen consortium (http://www. 
immgen.org)”* (details available on request). 

Quantitative PCR analysis. Epi-fat tissue was frozen in liquid N2 and homoge- 
nized in trizol before RNA extraction (RNeasy Lipid Tissue Mini Kit). RNA was 
reverse transcribed with oligo(dT) primers and SuperScript Polymerase 2 
(Invitrogen). Real-time quantitative PCR was performed using gene-specific 
fluorogenic assays (TaqMan; Applied Biosystems). Transcript levels were normalized 
to those from the mouse Hprt gene. 

Co-immunoprecipitation experiments. Nuclear extracts from transfected 
HEK293 cells transduced with Foxp3 and with Pparg1 or Pparg2 were prepared 
in nuclear lysis buffer (Active Motif) according to the manufacturer’s protocol. 
Immunoprecipitation was carried out using anti-PPAR-y1+2-coated Protein 
G-Sepharose beads (GE Healthcare) followed by western blotting with anti- 
Foxp3 (FJK-16s, eBioscience) and anti-PPAR-y1+2 (A3409A, Abcam). 
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Human leukocyte antigens (HLAs) are highly polymorphic proteins 
that initiate immunity by presenting pathogen-derived peptides to 
T cells’. HLA polymorphisms mostly map to the antigen-binding 
cleft, thereby diversifying the repertoire of self-derived and pathogen- 
derived peptide antigens selected by different HLA allotypes’. A 
growing number of immunologically based drug reactions, includ- 
ing abacavir hypersensitivity syndrome (AHS) and carbamazepine- 
induced Stevens-Johnson syndrome (SJS), are associated with 
specific HLA alleles*’. However, little is known about the underlying 
mechanisms of these associations, including AHS, a prototypical 
HLA-associated drug reaction occurring exclusively in individuals 
with the common histocompatibility allele HLA-B *57:01, and witha 
relative risk of more than 1,000 (refs 6, 7). We show that unmodified 
abacavir binds non-covalently to HLA-B*57:01, lying across the 
bottom of the antigen-binding cleft and reaching into the 
F-pocket, where a carboxy-terminal tryptophan typically anchors 
peptides bound to HLA-B*57:01. Abacavir binds with exquisite 
specificity to HLA-B*57:01, changing the shape and chemistry of 
the antigen-binding cleft, thereby altering the repertoire of 
endogenous peptides that can bind HLA-B*57:01. In this way, 
abacavir guides the selection of new endogenous peptides, inducing 
a marked alteration in ‘immunological self. The resultant peptide- 
centric ‘altered self activates abacavir-specific T-cells, thereby 
driving polyclonal CD8 T-cell activation and a systemic reaction 
manifesting as AHS. We also show that carbamazepine, a widely 
used anti-epileptic drug associated with hypersensitivity reactions 
in HLA-B*15:02 individuals, binds to this allotype, producing 
alterations in the repertoire of presented self peptides. Our findings 
simultaneously highlight the importance of HLA polymorphism 
in the evolution of pharmacogenomics and provide a general 
mechanism for some of the growing number of HLA-linked hyper- 
sensitivities that involve small-molecule drugs. 

Abacavir (Supplementary Fig. 1) is a guanosine-related pro-drug 
that causes reverse transcriptase chain termination in HIV-1 infec- 
tion’. T cells carrying the CD8 antigen (CD8™ T cells) from patients 
with resolved AHS, and from abacavir-naive, HLA-B*57:01* healthy 
donors, proliferate and acquire effector functions in response to 
abacavir in vitro*. Moreover, abacavir-specific T cells are not activated 
by antigen-presenting cells expressing the closely related natural 
allotypes HLA-B*57:03 (Asp114Asn; Serll6Tyr), HLA-B*57:02 
(Asp114Asn; Ser116Tyr; Leul56Arg) and HLA-B*58:01 (Met45Thr; 
Ala46Glu; Val97Arg; Vall03Leu)*, suggesting that abacavir- 
HLA-B*57:01 specificity is particularly sensitive to the F-pocket 
architecture, namely residue 116. We examined the functional capacity 
of the natural allotype HLA-B*57:11, which differs from HLA- 
B*57:01 in the C/E pocket and environs (Ile94Thr; Ie95Leu; 


Val97Trp) to stimulate abacavir-specific T cells. Like HLA-B*57:03, 
HLA-B*57:02 and HLA-B*58:01 (ref. 8), HLA-B*57:11 was not func- 
tional in activating abacavir-specific T cells from HLA-B*57:01 donors 
(Fig. 1a), indicating that abacavir- HLA-B*57:01 specificity maps to the 
C-terminal end of the antigen-binding cleft (C, D, E and F pockets). 

We speculated that abacavir, or a metabolite thereof, might either 
covalently modify a cellular protein or peptide to generate a novel 
immunogenic ligand or alter the peptide repertoire in some other 
way. Two of the most functionally important positions (114 and 
116) controlling abacavir reactivity distinguish HLA-B*57:01 from 
HLA-B*57:03 (ref. 8), allowing us to probe how these positions alter 
the specificity of bound peptides and the impact of abacavir on the 
peptide repertoire. We therefore characterized the peptides bound to 
affinity-purified HLA-B*57:01 and HLA-B*57:03 molecules from 
untreated and abacavir-treated cell lines by mass spectrometry’. In 
abacavir-treated cells, reverse-phase high-performance liquid chro- 
matography fractions from purified HLA-B*57:01, but not HLA- 
B*57:03, contained unmodified abacavir (Fig. 1b). Abacavir is a pro-drug, 
but none of its metabolites were detected by liquid chromatography- 
tandem mass spectrometry (LC-MS/MS) analysis of the eluted 
material. These findings indicated that abacavir itself interacted non- 
covalently and specifically with HLA-B*57:01. 

The repertoire of self peptides presented by HLA-B*57:01, HLA- 
B*57:03 and HLA-B*58:01 in the presence and absence of abacavir 
was examined further (Fig. 2 and Supplementary Table 1). The 
sequence motif characteristic of peptides that bind HLA-B*57:01 
(ref. 10) was verified to contain a Ser/Thr—Ala/Val at peptide posi- 
tion 2 (P2) and a Trp—>Phe at the C terminus of the peptide (PQ) 
(Supplementary Table 1). HLA-B*57:03 had the same P2 preference 
as HLA-B*57:01, but the PQ preference was reversed with Phe>Trp 
(Supplementary Table 1). After treatment of antigen-presenting cells 
with abacavir we observed a change in the nature of the peptides bound 
to HLA-B*57:01, but not for peptides bound to HLA-B*57:03 or HLA- 
B*58:01 (Fig. 2a and Supplementary Table 1). This was characterized 
by an increase in the number of HLA-B*57:01 ligands with non- 
canonical Ile or Leu at PQ (Fig. 2a and Supplementary Table 1). In 
contrast, no change was detected in the preferred P2 residues selected 
by HLA-B*57:01 (Fig. 2a and Supplementary Table 1) or the length of 
peptides recovered (Fig. 2b-d). These novel peptides represented 
about 20-25% of the recoverable peptide repertoire, indicating a 
massive shift in self-antigen presentation (Fig. 2a, e), which was 
consistent with the 33% estimated occupancy of HLA-B*57:01 com- 
plexed with abacavir (Supplementary Table 2a). The impact of 
F-pocket polymorphism on abacavir recognition by T cells (Fig. 1a), 
the co-purification of abacavir with HLA-B*57:01-peptide complexes 
(Fig. 1b) and the impact of abacavir on selection of PQ residues 
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Figure 1 | Specificity of abacavir T-cell responses and binding to HLA- 
B*57:01. a, An abacavir-responsive T-cell line raised in vitro from an HLA- 
B*57:01* donor was re-stimulated with C1R or B-LCL antigen-presenting cells 
expressing the indicated HLA allotypes, in the presence or absence of 
abacavir”. Flow plots are shown of responding T cells gated for CD3 and co- 
stained for CD8 and IFN-y. Boxed areas indicate the percentage of responding 
T cells. Schematics show the location of HLA polymorphisms. b, Separation of 


(Fig. 2a) led us to propose that abacavir bound specifically to the 
antigen-binding cleft of HLA-B*57:01. This is consistent with the 
dependence of abacavir presentation on TAP (transporter associated 
with antigen processing) and tapasin, implying a normal pathway of 
peptide loading*. This would result in a large proportion of the normal 
repertoire of peptides being sterically hindered from binding to and 
stabilizing HLA-B*57:01. The altered stereochemistry of the antigen- 
binding cleft facilitates the binding of a new repertoire of peptides 
containing immunogenic neo-epitopes. Consistent with this view, 
HLA-B*57:01 bound to peptides (Supplementary Table 2b) contain- 
ing a PQ-Trp did not further stabilize recombinant HLA-B*57:01 in 
the presence of abacavir. In contrast, for five of the neo-self peptides 
eluted specifically in the presence of abacavir, the corresponding 
refolded HLA-B*57:01-neo-self-peptide-abacavir complexes were 
approximately 5-10 °C more thermostable than the corresponding 
HLA-B*57:01-neo-self-peptide complexes (Supplementary Table 2b). 

To test whether abacavir-specific T-cell reactivity was dependent on 
simultaneous presentation of abacavir and novel self peptides, we first 
established that T-cell-receptor (TCR) genes from a single abacavir- 
specific T-cell clone, transfected into Jurkat cells, specifically conferred 
reactivity to C1R-B*57:01 cells in the presence of abacavir (Supplemen- 
tary Fig. 2a). Second, we examined the abacavir-specific T-cell response 
towards five neo-self peptides exclusively identified from HLA-B*57:01 
complexes isolated from abacavir-treated cells. T-cell lines were raised 
from two different healthy HLA-B*57:01* donors and interferon-y 
(IFN-y) enzyme-linked immunosorbent spot (ELISPOT) assays were 
conducted using C1R-B*57:01 and T2-B*57:01 target cells with or 
without pretreatment with abacavir (Supplementary Fig. 2b). The addi- 
tion of abacavir to T2-B*57:01 cells without the exogenous peptides 


peptides from HLA-B*57:01 (magenta) and HLA-B*57:03 (blue) by reverse- 
phase high-performance liquid chromatography after treatment of cells with 
abacavir. Arrow indicates the standard retention time for abacavir. B,m, B- 
microglobulin. Fractions were analysed by LC-MS/MS (right). Abacavir was 
detected in HLA-B*57:01 preparations (mass spectra: predicted 

MH?* = 287.1615, Dmass (the mass difference between observed and 
theoretical) = 0.0007 a.m.u., 2 p.p.m. mass accuracy). 


did not activate T-cell clones. In contrast, the five pooled abacavir- 
dependent peptides added exogenously to the T2-B*57:01 cells in the 
presence of abacavir activated many T-cell clones (spot-forming 
units) in each of the two T-cell lines (Supplementary Fig. 2b). This 
data shows that self peptides bound to HLA-B*57:01 in the presence of 
abacavir specifically stimulate abacavir-responsive T cells. Thus, the 
selection of a novel HLA-B*57:01-peptide repertoire by abacavir 
exposes the normally self-tolerant T-cell compartment to previously 
unseen neo-self peptides resembling antigen presentation by 
allogeneic HLA molecules to T cells, as occurs in graft rejection" 
and graft-versus-host disease’*. In these circumstances a diverse 
repertoire of xf TCRs may be selected by responding T cells, reflecting 
reactivity towards the diverse array of novel self peptides bound to 
HLA-B*57:01. To test this hypothesis we examined the VB repertoire 
of the TCRs selected by abacavir-specific T cells in seven unrelated 
HLA-B*57:01* donors. Broadly polyclonal TCR usage (in which 
different T cell clones undergo expansion in response to abacavir) 
was observed in all donors (Fig. 3). In addition, for donors 6 and 7 
the T-cell repertoire was assessed before and after stimulation with 
abacavir, revealing modest ‘private’ biases in immune repertoire 
that differed between these donors (Fig. 3; compare VB2 with VB8 
in these donors before and after stimulation). Moreover, analysis of 
the antigen-binding complementarity-determining region 3 sequences 
in abacavir-specific TCRs did not reveal biased patterns (Supplemen- 
tary Table 3). TCR selection was therefore consistent with the diverse 
array of stimulating ligands in abacavir-treated cells, with no evidence 
of TCR bias as frequently observed in T-cell responses to single, novel 
ligands’*. This observation is distinct from the reported sharing of a 
narrow repertoire of drug-specific T cells reactive in HLA-B*15:02* 


28 JUNE 2012 | VOL 486 | NATURE | 555 


©2012 Macmillan Publishers Limited. All rights reserved 


LETTER 


a 80 HLA-B*57:01 P2 80 HLA-B*57:01 PQ b <> 
60 60 | 40 
40 40 8 30 

= = 
we ® 
20 | 20 R 6 20 
Oo 
0 ya Ce fl xu | = 0 Li ial ew a 10 
AFGILPST V WY Other F | LM V W Y Other 
0 
me HLA-B*57:03 P2 - HLA-B*57:03 PQ 

a c 

® 40 40 50 

[o) 

6 S40 

© 20 20 s 

3 8 30 

T c 

= 0 0 Ol il i i 2 20 

AFGILPSTVWY Other F I LM V W Y Other & 
& 10 
80 HLA-B*58:01 P2 80 HLA-B*58:01 PQ 
60 60 
40 40 dso 
20 a 
20 40 
0) 0 8 30 
AFGILPSTVWYOther F 1 LM V W Y Other & 
Amino acid ow 20 
@ 
& 10 


e 
908 
HLA-B*57:01 r HLA-B*57:01 


untreated unique 4) A-B*57-04 abacavir- 
shared treated unique 


patients with carbamazepine-induced SJS or toxic epidermal necrolysis 
(TEN)"*. The abacavir-specific, polyclonal TCR usage is consistent 
with the presentation of diverse neo-self peptides as a result of drug- 
induced “altered self’. 

Next we individually expressed and refolded HLA-B*57:01 in 
complex with two self peptides (LTTKLTNTNI ‘LTTR,, cytochrome c 
oxidase subunit 2; RVAQLEQVYI, ‘RVAQ’, small nuclear ribonucleo- 
protein Sm D3) that had been exclusively isolated from HLA-B*57:01 
in the presence of abacavir and both of which possessed the preferred 
PQ residue, Ile, common in neo-peptides eluted in the presence of 
abacavir. Indeed, HLA-B*57:01 refolded extremely poorly with these 
self peptides in the absence of abacavir, which is consistent with the 
altered binding motif revealed by the peptide elution data. We crystal- 
lized the HLA-B*57:01-LTTK-abacavir and HLA-B*57:01-RVAQ- 
abacavir complexes and determined their structures to 1.9 A and 1.6A 
resolution, respectively (Supplementary Table 4). The structure of the 
HLA-B*57:01-LTTK-—abacavir complex was very similar to that of the 
HLA-B*57:01-RVAQ-abacavir complex (Supplementary Fig. 3a), 
revealing that the mode of abacavir binding is conserved when 
disparate abacavir-specific self peptides are presented by HLA- 
B*57:01. The HLA-B*57:01-LTTK-abacavir complex closely resembled 
the structure of the previously reported complex of HLA-B*57:01 with 
the self peptide LSSPVTKSF (ref. 8). Thus, the presence of abacavir, 
which was unambiguously observed to be non-covalently bound 
within the antigen-binding cleft (Fig. 4a, b), did not markedly alter 
the conformation of the antigen-binding cleft itself. Moreover, the 
conformation of the bound peptide, although not sitting as deep within 
the antigen-binding cleft as the LTTK self peptide, nevertheless 
adopted a slightly bulged conformation that was reminiscent of how 
longer major histocompatibility complex (MHC) classI peptides 
(more than 10 residues long)’* can bind within the antigen-binding 
cleft (Fig. 4b). 

Within the HLA-B*57:01-LTTK-abacavir and HLA-B*57:01- 
RVAQ-abacavir complexes, abacavir was bound in an extended 
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Figure 2 | Abacavir modifies the PQ F-pocket 
anchor residue preference of HLA-B*57:01 but 
not that of HLA-B*57:03. a, Frequency of amino 
acids occurring at P2 and PQ in nine-residue 
peptides eluted from HLA-B*57:01, HLA-B*57:03 
and HLA-B*58:01. Asterisk, P< 0.05; two asterisks, 
P<0.001 (unpaired Student’s t-test). b-d, The 
distribution of peptide lengths from the data sets 
HLA-B*57:01 (b) HLA-B*57:03 (c) and HLA- 
B*58:01 (d). Filled and clear bars represent values 
from abacavir-treated and untreated cells, 
respectively. Values are derived from averaging 
prevalence across three replicate data sets of up to 
3,000 distinct peptide sequences per condition. Error 
bars indicate s.d. across these data sets. e, The 
distribution of all peptides eluted from HLA- 
B*57:01 highlighting shared and unique peptides 
sequenced from untreated and abacavir-treated cells. 
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manner, at the base of the antigen-binding cleft, in which the plane 
of the aromatic rings were positioned approximately diagonally across 
the cleft’s B-sheet, with the cyclopentyl and purinyl moieties located in 
the D and E pockets, respectively, while the cyclopropyl moiety 
extended towards, and protruded into, the F pocket (Fig. 4c-e). The 
binding of abacavir did not impinge on the B pocket, which is consist- 
ent with the unchanged anchor preference at this site in abacavir- 
treated cells (Fig. 2a). However, the conformation of abacavir within 
the cleft provided a basis for understanding the global peptide 
repertoire shift induced by the drug, in that abacavir resided within 
several HLA-B*57:01 binding pockets (C, D, E and F), thereby affecting 
the nature of the peptides bound. For example, P7-Lys of the conven- 
tional LSSPVTKSF self peptide bound in the absence of abacavir would 
clash with the cyclopentyl and purinyl moieties of abacavir (Fig. 4f). 
Abacavir made extensive contacts with the HLA molecule (buried 
surface area 450 A?), forming numerous van der Waals contacts, five 
hydrogen bonds and three water-mediated hydrogen bonds, yet made 
few contacts with the self peptides bound within the cleft, with direct 
abacavir—peptide contacts being limited to P3-Thr, P5-Leu and P10-Ile 
for the LTTK complex and to the P10-Ile in the RVAQ complex 
(Fig. 4c, e). Abacavir was completely buried within the antigen-binding 
cleft of HLA-B*57:01-LTTK, with the peptide accounting for only 
24% of the buried surface area; the HLA-B*57:01 contributed to bury- 
ing the remaining 76% of abacavir’s surface area. The extensive con- 
tacts made by HLA-B*57:01 and the three moieties of abacavir 
(Fig. 4c-e and Supplementary Fig. 1) provided a basis for understand- 
ing why only abacavir, and not its closely related metabolites (such as 
carbovir), was specifically bound within the antigen-binding cleft: the 
abacavir metabolites are likely to have a much reduced affinity for 
HLA-B*57:01. Specifically, the cyclopentyl moiety of abacavir nestled 
against Tyr 99 (Fig. 4c), in which the O’ moiety hydrogen-bonded to 
Tyr 74-OH (Fig. 4d), whereas the purinyl moiety of abacavir was 
flanked by aromatic residues Tyr 74 and Trp 147, as well as forming 
van der Waals contacts with Val97, Ser116 and Ile 124 (Fig. 4d). 
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Figure 3 | VB usage of abacavir-reactive CD8 T cells from HLA-B*57:01 
positive healthy blood donors. T-cell receptor VB usage of abacavir-reactive 
T cells determined by flow cytometry of in vitro activated T cells from the blood 
of seven HLA-B*57:01* healthy donors. Abacavir-reactive cells were identified 
on the basis of IFN-y production in response to abacavir-loaded C1R-B*57:01 
and their VB usage is shown. The Vf repertoire of the total CD8 T-cell 
population before stimulation with abacavir (naive) is shown for donors 6 and 7 
for comparison. 


Moreover, the N* group of the purinyl moiety hydrogen-bonded to 
Asp 114, and the N’ and N? groups hydrogen-bonded to Ser 116 
(Fig. 4d). The cyclopropyl moiety, which resided within the 
F pocket, packed against Ser 116 and Tyr 123 and additionally formed 
van der Waals contacts with Ile95. The presence of the cyclopropyl 
group within the F pocket would disfavour the presence of larger 
amino-acid side chains at the PQ position (Fig. 4e), thereby providing 
a basis for understanding why the presence of abacavir induces a 
preference for smaller residues at PQ (Fig. 4f). 

The structure of the HLA-B*57:01-LTTK-abacavir complex also 
provided a basis for understanding the impact of HLA micropoly- 
morphism on abacavir specificity (Fig. 4f) and our observation of 
abacavir co-purification only with HLA-B*57:01 (Fig. 1b). For 
example, abacavir cannot bind HLA-B*58:01, because the poly- 
morphic position 97 (HLA-B*57:01 Val97Arg HLA-B*58:01) sat 
directly beneath, and contacted abacavir such that the presence of 
the long charged side chain of Arg 97 in HLA-B*58:01 would disfavour 
abacavir binding (Fig. 4f). Moreover, in HLA-B*57:02 and HLA- 
B*57:03, the replacement of Ser 116 at the base of the F pocket with 
the more bulky Tyr 116 residue would prevent abacavir from binding 
these allotypes, because the central purine group would not be accom- 
modated (Fig. 4f). Indeed, when the HLA-B*57:01-abacavir contact 
sites are mapped against the HLA sequence database (http://www. 
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Figure 4 | Structure of HLA-B*57:01-abacavir—peptide complex. 

a, Abacavir within the peptide-binding groove, with the HLA pockets labelled 
A-F. Bm, B-microglobulin. b, Orientation of abacavir orthogonal to 

a. c-e, HLA-B*57:01-LTTK-abacavir contacts cyclopentyl group (c), purine 
group (d) and cyclopropyl group (e). f, Superposition of the LSSPVTKSF 
peptide® (yellow) on LTTK peptide (magenta) with abacavir bound to HLA- 
B*57:01; P7-Lys is labelled. Polymorphic differences between HLA-B*57:01, 
HLA-B*57:03 and HLA-B*58:01 are shown as transparent cyan sticks. Key for 
all panels: blue, HLA-B*57:01; orange, B.-microglobulin; magenta, peptide; 
green, abacavir; cyan spheres, water; red lines, hydrogen bonds; mesh, 2F,-F- 
electron density contoured at lo. 


ebi.ac.uk/imgt/hla/), it is evident that the constellation of contact 
residues is unique to HLA-B*57:01, thereby providing a basis for the 
exquisite specificity of abacavir towards this HLA allomorph. These 
findings help explain the low prevalence of AHS in African Americans 
who have relatively high frequencies of HLA-B*58:01, HLA-B*57:02 
and HLA-B*57:03, and in whom the frequency of HLA-B*57:01 is 
lower than in Europe!®. The penetrance of AHS in HLA-B*57:017 
individuals is about 50%, indicating that additional factors determine 
whether abacavir treatment induces AHS”. It is unclear whether these 
cofactors are genetic’* or are related to environmental factors such as 
drug dose. Either way, the basic mechanism involves specific co- 
occupancy of the HLA-B*57:01 antigen-binding cleft by abacavir 
and novel self peptides presenting a new ‘immunological self to host 
T cells. 

Next we sought to establish the likely generality of our HLA- 
abacavir-associated observations, and focused on carbamazepine 
(CBZ) (Supplementary Fig. 4a—e). A strong HLA association is well 
established between HLA-B*15:02 and CBZ-induced SJS/TEN in 
Asian populations with odds ratios of more than 1,000 (refs 3, 4, 14). 
We first established that a non-covalent association existed between 
CBZ and HLA-B*15:02 by purifying HLA-B*15:02 peptide complexes 
from CBZ-treated cells (Supplementary Fig. 4). Second, sequencing of 
peptides bound to HLA-B*15:02 in the presence of CBZ revealed a 
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shift in the preferred amino-acid side-chain selection with an increase 
in the hydrophobicity at several positions and a preference for smaller 
residues at the P4 and P6 positions, but no shift in anchor residue 
preference (P2 and PQ) (Supplementary Fig. 4 and Supplementary 
Table 5a, b). The magnitude of the CBZ-induced repertoire shift, about 
15%, was smaller than that observed for abacavir. This was predicted, 
because CBZ is likely to bind at secondary anchor sites in HLA- 
B*15:02, adjacent to position 156. This is based on the observation 
that the closely related allele, HLA-B* 15:01, is not associated with CBZ- 
induced SJS, and a notable non-conservative difference between these 
two allomorphs is at position 156 (Leu, HLA-B*15:02; Trp HLA- 
B*15:01). The small shift in peptide repertoire might explain the 
restricted TCR usage against drug-specific T cells reactive in HLA- 
B*15:02* patients with CBZ-induced SJS. Furthermore, automated 
in silico docking of CBZ into the cleft of HLA-B*15:02 predicted that 
CBZ binds underneath the P4/P6 residues of the peptide, adjacent to 
position 156 in HLA-B*15:02 (Supplementary Fig. 4c-e). Taken 
together, these observations for CBZ- HLA-B* 15:02 peptide complexes 
resonated with those for abacavir-HLA-B*57:01, suggesting a general 
mechanism for hypersensitivity reactions towards at least two 
commonly used drugs with known HLA associations. 

It is well established that HLA molecules can bind peptide ligands; 
our findings show that small-molecule drugs can specifically and non- 
covalently interact with defined HLA class I molecules, and subse- 
quently alter peptide repertoire in a clinical context (Supplementary 
Fig. 5). These findings suggest that HLA molecules, and most probably 
other antigen-presenting molecules, may be surprisingly susceptible to 
drug modulation of antigen selection that in turn induces altered T-cell 
immunity. Although the observed mechanism is unlikely to account 
for all HLA-associated drug associations, our observations provide a 
potential basis for illuminating other HLA-linked drug hypersensitivities 
such as the very strong link between HLA-B*58:01 and allopurinol 
hypersensitivity syndrome’. Indeed, the extensive polymorphism of 
HLA molecules, the similarity of small-molecule drugs possessing ring 
structures (Supplementary Fig. 1) and the plethora of different drug 
hypersensitivities make it likely that this is a general mechanism. In this 
regard, the capacity of small molecular moieties to modulate immuno- 
logical self could have implications for understanding the origins of 
autoimmunity. 


METHODS SUMMARY 

T-cell assays. Peripheral blood mononuclear cell samples from healthy blood 
donors were from the Australian Bone Marrow Donor Registry and Australian 
Red Cross Blood Bank. Stimulation with abacavir and cytokine assays have been 
described previously’. 

Peptide repertoire analyses. HLA-peptide complexes were immunoaffinity puri- 
fied using solid-phase-bound W6/32 monoclonal antibody” and analysed essentially 
as described”. 

Jurkat-transfection and activation assay. An abacavir-responsive T-cell clone 
(ABC12.20) was cloned into a retroviral vector (pMIG) and transduced into the 
Jurkat cell line. Activation was measured as the mean fluorescence intensity of 
staining for the early activation marker CD69. 

ELISPOT assays. IFN-y ELISPOT assays were performed using cytokine capture 
and detection reagents in accordance with the instructions of the manufacturer 
(Mabtech). 

HLA-B*57:01 expression, refolding and purification. The peptides LTTKLTNTNI 
(cytochrome c oxidase subunit 2) and RVAQLEQVYI (small nuclear ribonucleo- 
protein Sm D3) were refolded with HLA-B*57:01 and abacavir and purified as 
described previously”’. 

Thermal stability assays. These were conducted on pHLA-B*57:01 samples 
(+abacavir) with the fluorescent dye Sypro orange in the Real Time Detection 
system (Corbett RotorGene 3000), to monitor protein unfolding. 

In silico docking. Computational docking was performed to probe the binding of 
carbamazepine into HLA-B*15:02. 

Crystallization and data collection. The HLA-B*57:01-LTTK-abacavir and 
HLA-B*57:01-RVAQ-abacavir complexes were crystallized and their structures 
were determined. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Blood samples from HLA-B*57:017 donors. Samples from healthy blood 
donors were from the Australian Bone Marrow Donor Registry and Australian 
Red Cross Blood Bank. Institutional ethics approvals were obtained for use of all 
clinical material. DNA sequencing to obtain four-digit high-resolution genotyping 
of class I alleles at the HLA-A and B loci were performed for each donor (Victorian 
Transplantation and Immunogenetics Service, Victoria, Australia). 

Cell culture and cell lines. Cells from the class-I-deficient lymphoblastoid cell line, 
C1R”?3, transfected with the relevant HLA allele were used as stimulators for 
functional assays and as a source of peptide for peptide elutions. Cells were main- 
tained in RF-10 medium (RPMI (Gibco BRL) supplemented with 10% fetal calf 
serum (Bovogen), 7.5mM HEPES (MP Biomedicals), 150 pg ml | streptomycin 
(Sigma), 150 U ml ! benzylpenicillin (CSL), 2 mM L-glutamine (MP Biomedicals), 
76 uM B-mercaptoethanolamine (Sigma) and 150 UM non-essential amino acids 
(Gibco BRL)). Treatment of cells with abacavir (Ziagen tablets; Glaxo Smith Kline) 
for peptide elutions was performed at 10 1gml~’ in RF-10 for 10 days in roller 
bottle culture. Cells were pelleted, washed twice in PBS and snap-frozen on solid 
CO. 

Purification of MHC-peptide complexes. Cell pellets were ground in a Retsch 
Mixer Mill MM 400 under cryogenic conditions, resuspended in 0.5% IGEPAL, 
50mM Tris-HCl pH8.0, 150mM NaCl and protease inhibitors (Complete 
Protease Inhibitor Cocktail Tablet; Roche Molecular Biochemicals) at a density 
of 5 X 10’ cells ml! and incubated for 1h at 4 °C. Lysates were cleared by ultra- 
centrifugation (180,000g) and HLA-peptide complexes immunoaffinity purified 
using solid-phase-bound W6/32 monoclonal antibody as described”’. Bound com- 
plexes were eluted by acidification with 10% acetic acid. The mixture of peptides, 
class I heavy chain and B-microglobulin was fractionated on a 4.6-mm internal 
diameter X 50-mm long monolithic C;g reverse-phase high-performance liquid 
chromatography column (Chromolith Speed Rod; Merck) using an AKTAmicro 
HPLC system (GE Healthcare), with a mobile phase consisting of buffer A (0.1% 
trifluoroacetic acid) and buffer B (80% acetonitrile/0.1% trifluoroacetic acid). 
Identification of MHC-bound peptides using LC-MS/MS. Peptide-containing 
fractions were concentrated and loaded onto a microfluidic trap column packed 
with ChromXP C;s-CL 3-tm particles (300 A nominal pore size; equilibrated in 
0.1% formic acid/5% acetonitrile) at 5ylmin~* using an Eksigent NanoUltra 
cHiPLC system. An analytical (15cm X 75 jm ChromXP C;3-CL 3) microfluidic 
column was then switched in line and peptides separated by linear gradient elution 
of 0-80% acetonitrile over 90min (300nlmin~'). Separated peptides were 
analysed with an AB SCIEX 5600 TripleTOF mass spectrometer equipped with 
a Nanospray II] ion source and accumulating up to 30 MS/MS spectra per second. 
Collectively, sequence determination of up to about 3,000 peptides was conducted 
in three independent experiments, providing excellent technical replicates and 
average sampling of over 80% in each of the triplicate biological replicate experi- 
ments. Data were analysed with ProteinPilot software and peptide identities were 
determined subject to strict bioinformatic criteria that included the use of a decoy 
database to calculate the false discovery rate (FDR). A FDR cutoff of 5% was 
applied and the filtered data set was further analysed manually to exclude redundant 
peptides and known contaminants. Comparisons between data sets were performed 
to the following criteria: first, peptides were considered common between data sets if 
they appeared in at least one data set with confidence greater than the threshold for a 
5% FDR for that data set, regardless of the confidence in the second data set; second, 
peptides were considered unique to a data set if they appeared in that data set with a 
confidence greater than the threshold for a 5% FDR, but did not appear in compared 
data set with confidence score greater than 20. 

ELISPOT assays. IFN-y ELISPOT assays were performed with cytokine capture 
and detection reagents in accordance with the instructions of the manufacturer 
(Mabtech). In brief, anti-IFN-y antibodies were coated on the wells of a 96-well 
nitrocellulose plate, and duplicate wells were seeded with 60,000 target antigen- 
presenting cells and/or 50,000 bulk culture effector T cells per well. APCs were 
incubated overnight with abacavir (104gml~') and then washed three times. 
APCs were then incubated with peptide for 1h at 10 1M and then washed three 
times. After incubation for 16h, captured IFN-y was detected with a biotinylated 
anti-IFN-y antibody, followed by development with streptavidin horseradish per- 
oxidase complex and chromogenic substrate. Spots were counted with an auto- 
mated plate counter (AID). 

Drug-specific lymphocyte culture, stimulation and Vf characterization. 
Peripheral blood mononuclear cells were isolated from human whole blood or 
buffy coats within 24h of collection, using Ficoll-Hypaque density centrifugation 
and abacavir-responsive T-cell lines established as described previously*. After 11- 
14 days of culture, T-cell lines were re-stimulated at a 10:1 responder:stimulator 
ratio with abacavir-treated (4-16h at 10 ug ml! in RE-10) and irradiated 
(8,000 rad) C1R-B*57:01 cells that had been washed three times in RPMI. This 
was repeated weekly for the lifetime of the culture. After 3-4 weeks of culture, 
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abacavir-responsive T cells were identified on re-stimulation with abacavir-treated 
C1R-B*57:01, using intracellular cytokine staining for IFN-y as described previ- 
ously*. Cells were phenotyped by staining with a anti-CD8 PerCP (BD 
Biosciences) and either anti-CD3 PE-Cy7 (eBioscience) or a panel of antibodies 
specific for a range of TCR VB (Beckman Coulter). Flow cytometry and FlowJo 
software (Tree Star Incorporated) were used to calculate the proportion of the 
abacavir-specific (CD8* /IFN-y*) lymphocyte population expressing each VB. 
HLA-B*57:01 expression, refolding and purification. The peptides 
LTTKLTNTNI and RVAQLEQVYI were synthesized by GenScript USA Inc. 
Mature cDNA sequences of HLA-B*57:01 and B,-microglobulin were ligated into 
the bacterial expression vector, pET, and recombinant protein was expressed in 
the BL21 strain of Escherichia coli as described previously**'. HLA-B*57:01 
(28 mg), B2-microglobulin (14 mg) and peptide (4 mg) were refolded in the pres- 
ence or absence of 60 LM abacavir in 100 mM Tris-HCl pH 8.0, 0.4 M arginine, 
0.5mM oxidized glutathione, 1.5mM reduced glutathione, 2mM EDTA, 4M 
urea, 0.2 mM phenylmethylsulphonyl fluoride in a volume of 200 ml over a 24-h 
period at 4°C. The refolded protein was then dialysed for 4h against 0.1 M urea, 
10mM Tris-HCl pH 8.0, and overnight against 10mM Tris-HCl pH 8.0 at 
4°C using a 6-8-kDa molecular mass cut-off dialysis membrane (Spectrum). 
Protein was purified with fast protein liquid chromatography as described 
previously”. 

Crystallization and data collection. The HLA-B*57:01-LTTK-abacavir and 
HLA-B*57:01-RVAQ-abacavir complexes were concentrated to 4mgml! in 
10mM Tris-HCl pH 8.0. Crystals were obtained at 294K by the hanging-drop 
vapour-diffusion method from a solution comprising 28% PEG 8000, 0.2M 
ammonium sulphate and 0.1 M cacodylate pH 6.25. The crystals grew to dimen- 
sions 0.1mm X 0.1 mm X 0.1 mm in 4 days. Before data collection, the crystals 
were equilibrated in crystallization solution with 10% glycerol added as a 
cryoprotectant, and then flash-cooled in a stream of liquid nitrogen at 100K. 
X-ray diffraction data were recorded on a Quantum-315 charge-coupled device 
detector at the MX2 beamline of the Australian Synchrotron. The data were 
integrated and scaled with MOSFLM and SCALA from the CCP4 program suite. 
Details of the data processing statistics are given in Supplementary Table 4. 
Structure determination and refinement. The HLA-B*57:01-LTTK-abacavir 
structure was determined by molecular replacement as implemented in PHASER. 
The search model used was the structure of HLA-B*57:01 with the peptide 
removed (PDB accession code 2RFX). The LTTKLTNTNI peptide and a single 
abacavir molecule were built manually. Refinement of the model was performed in 
PHENIX with iterative rounds of manual building in COOT. Solvent molecules 
were added with COOT and the structure validated with MOLPROBITY. The 
final structure comprises one HLA-B*57:01-LTTK-abacavir complex in the 
asymmetric unit. The HLA-B*57:01-RVAQ-abacavir complex was solved using 
the HLA-B*57:01-LTTK-abacavir complex (minus the peptide and abacavir) as 
the starting point in refinement. The final refinement values are summarized in 
Supplementary Table 4. 

Thermal stability assay. To assess the effect of the abacavir on the HLA-B*5701 
stability, a thermal shift assay was performed. The fluorescent dye Sypro orange 
was used to monitor the protein unfolding. The thermal stability assay was per- 
formed in the Real Time Detection system (Corbett RotorGene 3000), originally 
designed for PCR. Each peptide was refolded at two concentrations (5 and 10 uM) 
in duplicate in the absence or presence of abacavir with HLA-B*57:01 in 10 mM 
Tris-HCl pH 8.0, 150 mM NaCl. Refolded complexes were heated from 29°C to 
90 °C ata heating rate of 1 °C min’. The fluorescence intensity was measured with 
excitation at 530 nm and emission at 555 nm. 

In silico docking. Computational docking was performed to probe the binding of 
abacavir into HLA-B*57:01 and carbamazepine into HLA-B*15:02. Two- 
dimensional representations of the compounds were sketched in the 
JMEMolecularEditor and converted to three-dimensional coordinates in 
ProDrg™. AutoDock Tools 1.5.4 (ref. 25) was then used to assign hydrogens, 
Gasteiger charges and rotatable bonds to the compounds. Each docking run was 
done in the absence of peptide within the binding cleft. The docking of ligands into 
their respective HLA peptide-binding clefts was performed with the AutoDock 
Vina software”’. A docking grid with dimensions 42 A x 42 A x 42 A, encompass- 
ing the entire peptide-binding cleft, was used. 

Abacavir. The in silico docking runs with abacavir resulted in the placement of the 
drug with remarkable fidelity to what is observed in the crystal structure. The 
resultant placements of the drug are all clustered within the F pocket 
(Supplementary Fig. 3b). This placement was not directed, in that the entire 
peptide-binding groove was probed, and was not spatially constrained by the 
presence of peptide. The two predominant docking modes bound with docking 
scores (AG) of —9.5 and —8.0 kcal mol” ', which are related by an approximately 
180° rotation about the central 2-aminopurine moiety. The primary placement is 
oriented as observed in the crystal structure, with an root mean squared deviation 
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of 0.6 A over all atoms, and preserves the contacts between the 2-aminopurine and 
cyclopropane moieties and the HLA-B*57:01 (Supplementary Fig. 3b), thereby 
validating the auto-docking procedure. 
Carbamazepine. Because the crystal structure of HLA-B* 15:02 is unavailable, it was 
homology modelled from the crystal structure of the closely related HLA-B*15:01 
(PDB code 1XR9 (ref. 26)) (only four positions differ between these two allomorphs 
(HLA-B*15:01HLA-B* 15:02: Glu63Asn, Thr94lle, Leu95lle, His113Tyr, Trp156Leu). 
The computational docking of carbamazepine resulted in the exclusive clustering 
of the drug within the D pocket of HLA-B*15:02 (Supplementary Fig. 4c). The 
primary orientation bound with a docking score (AG) of —7.6 kcal mol’. The 
pocket is lined with predominantly hydrophobic residues, with carbamazempine 
binding the side chains of residues Tyr 9, Tyr 99, Ie 66, Leu156 and Tyr 159, 
the aliphatic moiety of 97 and the guanidinium group of Arg 62 (Supplementary 
Fig. 4d, e). 
Generation and activation of the ABC12.20.Jurkat cell line. An abacavir- 
responsive T-cell clone was isolated by single-cell sorting of abacavir-responsive 
T cells identified with an IFN-y cytokine secretion assay (Miltenyi Biotech). RNA 
was isolated from the outgrown clonal population, and the cDNA sequences of the 
TCR o and B were sequenced and identified as TRAV12-3*01-TRAJ26*01 and 
TRBV20-1-TRBJ2-2*01-TRBC2 using 5’-rapid amplification of cDNA ends. 
Full-length cDNA ABC12.20 o and B chains were cloned into a self-cleaving 2A 
peptide-based MSCV-IRES-green fluorescent protein retroviral vector (pMIG)”’ 


and transduced into the Jurkat cell line (which had been similarly transduced with 
genes encoding CD8«) using the murine stem cell virus (MSCV)-based retroviral 
expression system, as developed by Clontech Laboratories by means of 293T 
packaging cells. Cell activation was assessed after co-incubation of Jurkat cells 
with target APCs for 6-7h at a 1:2 Jurkat:APC ratio in RF10. The TCR-positive 
Jurkat cells were identified by positive GFP fluorescence and immunofluorescence 
staining for CD3 and their activation was assessed as mean fluorescence intensity 
of the early activation marker CD69. 
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Find me the money 


Some consultants offer to help researchers to find and secure grants. But scientists should 
carefully consider whether and how a consultant is worth the time and expense. 


BY LUCAS LAURSEN 


r | Nhe e-mails were arriving in Pete 
Kissinger’s inbox almost every day: 
“TODAY ONLY: Extra 25% Off... 

Craft your RO1 Grants Management... Only 

1 Day Left” They were from consultants try- 

ing to charge him to do something that scien- 

tists have long done for themselves: search for 


research-grant opportunities, write proposals 
and, in some cases, manage the grant once it 
has been won. Eventually, Kissinger’s curiosity 
got the better of him. 

Having founded his first company in the 
1970s, Kissinger, an entrepreneur and bio- 
analytical chemist who works part-time at 
Purdue University in West Lafayette, Indi- 
ana, is no stranger to the challenges of raising 
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start-up capital and research money. But he 
says that it is harder to get funding now than 
when he began. For one thing, the paperwork 
is more onerous. “And that’s not really the thing 
most of us in science enjoy doing,” he says. So 
about 18 months ago, when he needed money 
to develop a device for sampling blood to speed 
up clinical diagnoses, Kissinger hired Free- 
Mind, a funding consultancy with offices | 
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> in Boston, Massachusetts, and in Jerusalem. 
He is waiting for decisions on two applications 
that he made last year with their help, and on 
another that was put together in March. 

Types of funding finder range from services 
offering online information packs that cost a 
few hundred dollars to consulting firms such 
as FreeMind, which can charge up to 10% of 
the grant total. In return, they offer familiarity 
with the applications process and established 
relationships with the programme officers and 
businesses that are offering the funds. Noth- 
ing stops a scientist from going directly to the 
US National Science Foundation for funding 
information, notes Ram May-Ron, vice-presi- 
dent of FreeMind. “We don't claim to have any 
special powers, but we have lots of experience.” 

Consultants say that they can help to high- 
light and emphasize the aspects of a proposal 
that increase the chances of funding. “It’s not 
just about how you raise money, it’s about how 
to direct what you're doing in a fashion that 
will extract the social, medical and financial 
value of it?” says Mark Goldstein, chief scien- 
tific officer of MammaCare, a medical-device 
firm based in Gainesville, Florida. Goldstein 
has worked with Kirk Macolini, a funding 
finder at Centurion Technologies in Ithaca, 
New York, for more than 10 years. 

Making the most of that help means know- 
ing when to seek assistance, whom to ask for it 
and how to work well with a consultant. 


REACHING OUT 

The emergence of funding finders reflects the 
growing specialization and competition in sci- 
ence. Just as postdocs and technicians handle 
the nitty-gritty of experiments so that principal 
investigators can concentrate on guiding their 
laboratory’s research, some lab leaders are also 
seeking help with finding, winning and main- 
taining funding. “The nice thing is he does it 
all, from soup to nuts. It’s free and clear of my 
office,” says Ajit Varki, a glycobiologist at the 
University of California, San Diego, who hired 
Macolini to help him to get funding for a phar- 
maceutical start-up now called Sialix, based in 
Vista, California. 

But hiring a funding finder itself requires 
careful planning. Researchers must consider 
how they will work with the consultant and 
other project collaborators to make the most 
of the time invested in the grant application. 
It helps to understand that funding finders 
cannot do all the work themselves. “If some- 
body drops an idea in our lap and says, ‘Write 
a proposal; it would be quite difficult,” says Ian 
Eden, a senior consultant at Arttic in Derby, 
UK. “We work with them, not on our own.” 
Researchers need to set aside time to discuss 
their goals, answer technical questions about 
their research, evaluate suggestions from the 
consultant and produce and execute a strategy 
based on those discussions. 

However, young researchers should begin 
by seeking funding advice from their home 
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Ram May-Ron’s consultancy shows researchers 
how to maximize their chances of winning a grant. 


institutions, says Alan Rebar, executive 
director of Discovery Park, a research-coor- 
dination centre at Purdue that organizes 
networking events with other grant seekers. 
Universities often skim off a percentage of 
their researchers’ grants for overhead costs 
and devote administrative resources to help- 
ing scientists seek funding, so they usually 
prefer researchers to seek help internally, and 
may even prohibit them from using univer- 
sity funds to pay outsiders. The situation can 
become complicated, however, when research- 
ers want to transfer their research from the 
academic to the commercial sector. “I can’t use 
university resources to do an outside business 
application,” says Kissinger. 

Funding finders all say that their clients have 
higher success rates on average than scientists 
acting alone, although such claims are impos- 
sible to verify. The US National Institutes of 
Health reports that 11% of applications to the 
first round of its Small Business Innovation 
Research grants, which aim to help small busi- 
nesses to commercialize research results, are 
successful. May-Ron says that 30-40% of his cli- 
ents applications for those grants are successful. 

In addition to proposal-writing help, some 
firms offer networking tips and strategic guid- 
ance. Gonzalo de Silva, a consultant at the 
Euro-Funding Advisory Group in Madrid, 
notes that to be eligible for many European 
grants, research teams must include scientists 
in different countries as well as an industry 
partner; funding finders can help to make 
connections between potential collaborators. 
“That's where we add the most value, because 
we have a lot of contacts with businesses and 
experience,’ says de Silva. 

Funding consultants tend to deal repeat- 
edly with the same contacts in business and 
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at funding bodies, so they can build up an 
understanding of what such people are look- 
ing for. “If you have absolutely no clue as to 
what the interest of the programme offic- 
ers is, then you really have no chance,’ says 
May-Ron. “We try to close this gap through 
conversations with programme officers and 
researchers.” By talking to programme offic- 
ers about a project idea before submitting the 
proposal, he explains, a consultant might learn 
that the funder puts increased value on certain 
components of the application. “So we tell the 
scientist to focus on those,’ says May-Ron. 

In other cases, programme officers might 
mention that they are about to open a call 
for proposals, giving the consultant time to 
alert a client. The applicant could get such 
information for free by contacting a pro- 
gramme officer directly, but making dozens 
of requests to keep on top of all opportuni- 
ties would be very time-consuming. And 
consultants can get to know a programme 
officer’s preferences and interests. May-Ron 
recalls a case where one programme officer 
encouraged one of his clients, an influenza 
researcher, to submit a proposal in response 
to acall with guidelines that did not actually 
specify influenza research as a candidate area. 
The researcher won the award. 


THE RIGHT CHOICE 

Once scientists are convinced that they or 
their projects would benefit from external 
consultancy, they have to choose a firm. Uni- 
versities sometimes 
contact grant con- 
sultants to supple- 
ment their in-house 
staff, notes Rebar, so 
researchers might 
be able to get a list 
of contacts. Or they 
could do some dig- 
ging for themselves: 
Goldstein found 
Macolini through an 
Internet search. 


The size ofa poten- “It’s really easy 
tial project will make submit a long 
a difference to the proposal. It’s 
type of consultancy much harder 
the researcher should to write ashort 
approach. Arttic, like one.” 


many large firms, Pete Kissinger 

won't work on grants 

smaller than about €10 million (US$13 mil- 
lion), says Eden, and its fee is 5—7% of the 
grant money. 

Macolini’s fees include an upfront project 
charge and a percentage-based success fee, 
with the proportions varying from project to 
project. This creates a higher initial cost for 
the researcher than does a contingency fee 
alone, but consultants argue that it helps to 
prevent researchers sending them half-baked 
ideas just because they have nothing to lose 


when the grants don't materialize. 

Researchers can ask for references from 
consultants’ previous clients, but should 
treat them with caution. “The scientist has 
to evaluate the record of the consultants,” 
says de Silva. There are no obvious ways of 
comparing one company’s claimed success 
rate with another's, because they have no 
reporting requirements and different scien- 
tific disciplines have different funding con- 
straints, which could affect success. However, 
it is possible to compare companies years of 
experience and the number of grants they 
have facilitated, as well as the types of grants 
and collaborations. 

Goldstein says he chose Macolini because 
he had a history of helping “really bright” 
research teams, an apparently sincere inter- 
est in the project and a willingness to offer 
criticism. It is particularly important to make 
sure that the scientist’s and the consultant's 
aims are compatible, because one project may 
lead to another. “You need someone to tell 
you when you're barking up the wrong tree,” 
says Goldstein. 


MAKING THE MOST OF IT 

The more information researchers share, the 
more likely the consultants are to be able to 
find funding for the project — or improve 
the odds of winning a grant. “We try to 
fully understand their project and regroup 
and rearrange them to reflect what funding 
sources would expect to see,” says May- 
Ron. That could mean recommending that 
a researcher restrict an application to one 
avenue of research and hold off on another. Or 
it could mean bringing in components from 
other disciplines to strengthen a proposal. 

The consultant runs through multi- 
ple drafts and revisions of the proposal in 
cooperation with the investigator, boiling 
down the content until it is simple, succinct 
and a good match for the ideas of the pro- 
gramme officers. “It's really easy to submit 
a long proposal. It’s much harder to write a 
short one,” says Kissinger. External remind- 
ers make it easier to hit goals, he adds: “They 
help find opportunities, keep you on track 
with the format and make you remember 
deadlines.” In addition to the technical help, 
says Goldstein, good funding finders offer 
strategic advice. During brainstorming ses- 
sions, Macolini asks business-type questions 
such as how long it will take to explore an 
idea and what the client will do next with it. 
The ability to do that comes from “having a 
leg in each field’, says Goldstein. 

It is still too early for Kissinger to know 
whether his funding-finding gamble will pay 
off. But at least his inbox is now overflowing 
not with marketing e-mails, but with tailored 
messages from his own consultant. m 


Lucas Laursen is a freelance journalist 
based in Madrid, Spain. 
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POSTDOCS 
Pay rise recommended 


Biomedical postdoctoral researchers 
supported by US National Institutes of 
Health (NIH) fellowships should earn 
US$42,000 in their first year, with 4-6% 
increases in each of years two to seven, 
says an NIH committee report. Released 
on 14 June and commissioned by NIH 
director Francis Collins, the report 
offers recommendations to ease long 
training periods and overproduction 

of PhDs. It advises that NIH-supported 
postdocs receive the same benefits as 
employed colleagues, including health 
insurance, retirement plans and paid 
time off; calls to double the number 

of Early Independence awards, which 
speed postgraduates into careers and 
skip excessive postdoctoral training; and 
recommends training grants to prepare 
graduate students for varied career paths. 


PROFESSIONAL DEGREES 
Career paths mixed 


Most graduates of professional science 
master’s (PSM) degree programmes 

in the United States go on to work in 
industry, according to an independent 
analysis that used social media to track 
employment outcomes. Of more than 
1,800 graduates tracked, some two-thirds 
now have industry positions. About 
one-quarter of the graduates are pursuing 
a university position or another degree, 
and fewer than 8% are working at non- 
profit organizations or in government. 
PSM degrees were initially designed to 
meet industry needs, although many 
programmes are now expanding, says 
Michael Teitelbaum, senior adviser to the 
Alfred P. Sloan Foundation in New York, 
which supported development of the PSM 
and funded the analysis. “These are very 
encouraging data,’ he says. 


PHD PROGRAMMES 
Universities must evolve 


PhD students at US universities need 
better preparation for careers outside 
academia, says a report released on 

14 June by the US National Academies 

in Washington DC in response to 

a congressional directive. Research 
Universities and the Future of America 
makes ten recommendations, including a 
call to use research collaborations to align 
graduate programmes more closely with 
business. It also recommends that the US 
government attract and retain talent by 
streamlining immigration processes. 
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